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THE INFLUENCE OF CHELATION ON RADIOMANGANESE 
EXCRETION IN MAN AND MOUSE! 


By LAURENCE S. MAYNARD ? ano SIDNEY FINK 2 


(From the Medical Department, Brookhaven National Laboratory, Upton, N. Y.; 
Mivision of Neoplastic Diseases, Montefiore Hospital, New York, N. Y.) 


and the 


(Submitted for publication August 3, 1955; accepted April 3, 1956) 


Manganese is capable of forming complex ions 
with many substances found naturally in the body 
(1). It seems reasonable to assume, therefore, 
that manganese injected as MnSO, (hereafter re- 
ferred to as “ionic manganese”) will be complexed 
in the body to a varying extent shortly after ad- 
ministration. If the Mn is strongly chelated be- 
fore it is injected, a state of competition between 
ligands is set up, and an estimate of the strength of 
the physiological binding of manganese can be 
gained from the degree of alteration of the natural 
excretory pattern of the isotope resulting from the 
use of the strong chelate. In order to test this as- 
sumption, manganese was administered after pre- 
vious chelation with an excess of EDTA * (here- 
after referred to as “Mn chelate”), a strong com- 
plexing agent which has been shown to have pro- 
nounced effects on the excretion of some metals 
(2). The excretory patterns of ‘ionic’ and 
“chelated” Mn were then compared. 

When injected intravenously into experimental 
animals, manganese is rapidly removed from the 
circulating blood and distributed to various tissues 
of the body (3). The organs having the greatest 
capacity for manganese uptake are the liver, pan- 
creas, and kidneys: and within the liver cell this 
element is concentrated to a high degree in the 
mitochondria (4). Excretion is almost entirely 
fecal, and more than half of this manganese is elim- 
inated in the bile.g Increasing the amount of 
manganese injected iticreases the rate of excretion 
(5, 6). An appreciable percentage also appears 


1 This work was supported by the United States Atomic 
Energy Commission. 

2 Present address: Department of Anatomy, The Johns 
Hopkins University School of Medicine, Baltimore 5, 
Maryland. 

8 This investigation was conducted during the tenure 
of a Damon Runyon Memorial Fund Research Fellow- 
ship. Present address: GI Section, the Hospital of the 
University of Pennsylvania, Philadelphia, Pa. 

4 Abbreviation for the di-sodium salt of ethylenediamine- 
tetraacetic acid. 


in the pancreatic juice, the level rising and falling 
together with fluctuations in the enzymatic ac- 
tivity of the juice (7). 


METHODS 


Mn™ (ti: 2.59 hrs.), and Mn™ (t%4: 5.8 days) were 
used as tracers in these studies, the former being pre- 
pared in the Brookhaven nuclear reactor, and the latter 
in the Brookhaven cyclotron. Both isotopes were checked 
for radiological purity by following the rate of radioac- 
tive decay for at least five half-lives, with no significant 
deviation from the expected rates noted. The subjects 
received doses of 0.1 to 1.0 mc., containing less than 1.0 
mg. of Mn**, administered directly into the tubing of a 
rapidly running intravenous infusion of 5 per cent glucose 
in water, and washed in with about 100 ml. of the solution. 
In two experiments, the dose was mixed with a 10 to 50- 
fold excess of EDTA (buffered at pH 7.4) prior to ad- 
ministration. Standards for comparison were made at 
the same time, by preparing suitable dilutions of the in- 
jected material. Experimental data are expressed as 
percentages of the dose administered. 

Nine patients were studied, all of whom were con- 
sidered to have malignant disease, but only one of whom 
(S. G.) was not ambulatory, and had clinical or labora- 
tory evidence of impaired hepatic function. In none of 
the patients was there evidence of renal or gastro- 
intestinal dysfunction. 

The patient, S. G., had a biliary fistula through which 
approximately 40 per cent of an estimated 600-ml. total 
daily output of hepatic bile was passed. She had labora- 
tory evidence of severely impaired hepatic function (BSP 
retention 100 per cent after 2 hrs.), and at autopsy three 
weeks later was found to have severe biliary cirrhosis. 

Samples of heparinized whole blood were drawn at 
frequent intervals from all patients for up to four hours 
following injection. In three patients, 24-hour collections 
of urine and feces were carried out for six days. All 
of these patients had spontaneous, daily evacuations. In 
the patient (S. G.) with the external biliary fistula, three 
trials were carried out, and bile and urine were collected 
for 24-hour periods. 

Counting of specimens and standards was done in a 
well-type scintillation counter. Samples of blood and 
urine were counted directly; weighed samples of feces 
were first homogenized in a Waring blendor, and weighed 
aliquots were counted. In two patients in whom retention 
of a large proportion of the dose was suspected, a body 
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survey for radioactivity was made seven days after the 
injection of the Mn™, using a radiation monitor. 
Supplementary were carried out 
three groups of four white mice each. Each mouse re- 
ceived 0.25 ml. of buffered (pH 7.4) Mn®™ solution in- 
traperitoneally, containing a total of about 500,000 counts 
per minute. In addition, the three groups received car- 
rier Mn or EDTA as follows: group 1 (low carrier) 1.0 
meg. Mn**; group 2 (high carrier) 10.0 mcg. Mn**; group 
3 (chelate) 1.0 mcg. Mn** and a ten-fold excess of EDTA 
All mice were about 30 gm. in weight. At various in- 
tervals following injection, the mice were tightly con- 
fined in stoppered, ventilated 50-ml. lusteroid tubes. The 
whole mouse was then counted im vivo in a well-type 
G-M gamma counter, designed for counting large sample 
volumes. By comparison of the count at any given in- 
terval (count at ¢) with that obtained immediately after 
the administration of the dose 
corrections for radioactive decay, the per cent of the dose 
retained by the mouse at time ¢ could be readily deter 


experiments with 


(t-sero count), making 


mined. A minimum of twelve measurements was made 
on each group over a total period ranging from 189 to 
240 hours. Seventy per cent to 90 per cent of the dose 
was excreted during this interval. 

This technique does not differentiate between urinary 
and fecal excretion, but by keeping the counting geometry 
constant—.¢., carefully positioning and immobilizing the 
mice—it affords a simple and accurate method of meas- 
uring the rate of overall elimination. The results were 
plotted on semi-logarithmic paper in terms of per cent 
of dose retained against time, and subjected to statistical 


analysis. 
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RESULTS 
Blood levels (Figure 1) 


Ten similar blood curves were obtained in seven 
patients, which showed rapid decline of the man- 
ganese isotope level of the blood in the period fol- 
lowing the intravenous injection of the material as 
MnSQ, in aqueous solution. Two altered curves 
which, however, resembled each other, were ob- 
tained from two subjects following the administra- 
tion of the Mn-EDTA chelate. 
resentative patients are shown in Figure 1. 


Curves from rep- 


It can be seen that the “ionic’’ manganese (Mn 
in aqueous solution) curve fell more precipitously 
than did the Mn-EDTA curve, and remained at a 
lower level throughout the period of observation. 


Urinary and fecal excretion (see Table 1) 


As shown in Table I, the urinary excretion of 
administered “ionic” manganese was almost neg- 
ligible, but increased markedly when given as the 
Mn-EDTA chelate. 
chelating agent was immediate but of short dura- 


The change induced by the 


tion, with no effect discernible after the second 


day. The fecal excretion of “ionic” manganese 
was appreciable, reaching its peak in the second 
At the 


end of the six-day collection period, the radiation 


or third day following administration. 


survey showed considerable remaining radioac- 
tivity, largely in the hepatic area. 


Biliary excretion 

In the patient with the biliary fistula a very 
small percentage of the injected Mn (average of 
3 trials = 0.09 per cent) was recovered in the bile. 


Table I 
The Urinary ond Fecal Excretion of Radiomanganese in 








Amounts Expressed as Percent of injected Dose 





Trocer % of Dose) Total % of Dose Total 
Moterial 


injected 


Collection Period, in Urine, |Urinory | in Feces, Fecal 


Patient Ooys First Day | Excretion! First Two Days! Excretion 





Mn*? in Water 045 





Mn*? in Woter 





Mn** in Water 





Mn** in EOTA 














Mn®? in EDTA . 0.8 




















EDTA is Ethylenediamine-tetraccetic Acid 





CHELATION AND MANGANESE EXCRETION 
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although 200 to 250 ml. was obtained in each trial. 
This small percentage was not modified in the one 
trial where Mn-EDTA was used. Since Mn** was 
used, biliary levels could not be followed for more 
than 24 hours. It was noted, however, that the 
great individual variations in Mn‘ levels and 
bilirubin content appeared to coincide (Figure 2). 
Calculation of the coefficient of correlation gives a 
value for r: 0.68. The probability of such a corre- 
lation occurring by chance is 0.0024 (8). 


Manganese excretion in mice 


When the per cent of the dose retained is plotted 
against time on semi-log. paper, all three groups 
of mice have Mn retention curves of similar shape 


(Figure 3). If the straight line segment of this 
curve is extrapolated back to zero time (by ap- 
plying the method of least squares to the last six 
points), and the resulting straight line subtracted 
from the observed curve in its early portion, a 
second set of points are obtained, to which a sec- 
ond straight line may be readily fitted. Thus the 
curve determined by experiment may be analyzed 
as the sum of two exponential functions, tenta- 
tively titled the “rapidly excreted component,” 
and the “slowly excreted component,” or, for the 
sake of brevity, the fast and slow components. 
The data can be summarized by giving the values 
of the intercepts and lambdas (logarithmic slopes) 
for the fast and slow components of each experi- 
mental group (Table II). The biological half- 
times of each straight line are given for the sake 
of easier comparison (t4 = In 2/ lambda). 

On consideration of the intercepts of the slow 
components, one can see that when Mn is chelated 


with EDTA the value of this intercept falls; and 
when carrier Mn is increased ten-fold, the inter- 
cept falls even further (Table II). The standard 
deviations of these intercepts have been calculated 
(9), and the differences are statistically significant 
(p: less than 0.0001). 

Small differences are observed in the lambdas 
(and half-times), but the significance of these is 
unclear. Therefore, in interpreting these data, 
our attention will be confined to the difference in 
intercepts (Table IT). 

The equations used to compute the standard 
deviations of the intercepts are as follows: 





Stog. yx = V>. (log. y — log. Y)?/N — 2, (J) 
where log. y is the observed value of the log. of y, 
log. Y is the log. of the value of y obtained from 
the fitted line, and N is the number of points used 
in fitting the line. 


Siog. b - Siog. y-x/VNS.) (2) 


where S, is the standard deviation of the x’s. 
Conversion of Sjog. » from common to natural loga- 
rithms (times 2.302585) gives Siampaa- 
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where x is the value of x at which a (the intercept) 
is determined ; in this case, zero; and X is the mean 
value of the x’s. 


DISCUSSION 


Comparison of the blood curves for “ionic man- 
ganese” with those for the “Mn-chelate” shows a 
similar configuration in both curves, but a greatly 
reduced overall rate of movement out of the blood 
stream for Mn-EDTA. 

The data presented in Table I suggest that the 
primary pathway of “ionic” manganese excretion 
in man is fecal, as is the case in experimental ani- 
mals. Urinary excretion appears to be negligible. 

When the Mn-EDTA chelate is administered, 
however, a significant percentage of the tracer 
dose appears in the urine during the first 24 hours, 
with concomitant suppression of fecal excretion. 
Following this period, elimination in the feces is 
resumed, and the urinary Mn falls to a negligible 
level. 

The biliary excretion data, although inadequate 
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to give any quantitative estimates of the relative 
importance of this route in man, does offer a sug- 
gestive correlation between the Mn and bilirubin 
content of the specimens. The possibility that a 
Mn-bilirubin complex may indeed play an impor- 
tant role in the excretion of this element is sup- 
ported by some data obtained by the ion exchange 
technique for measuring the formation constants of 
complex ions (10). At pH 7.4 and an ionic 
strength of 0.16 M (Na+ )—approximately physi- 
ological conditions—the formation constant of a 
Mn-bilirubin complex was found to be Ky: 1700. 
In contrast, a representative bile acid (cholic acid) 
showed no measurable complex forming ability. 
For comparison, Ky values for Mn-citrate : 2900, 
and Mn-EDTA: 1.7 x 10’ were determined un- 
der the same experimental conditions. The ade- 
nosine polyphosphates, plasma proteins, and some 
other physiologically active substances also proved 
to be able to complex manganese (1, 11, 12). 

The experimental data suggest that, after in- 
jection, Mn follows at least two metabolic path- 
ways. These findings can be explained by the 
assumption that one portion of the dose is quickly 
and strongly bound in the body, and therefore 
slowly excreted, while a second fraction is un- 
bound (or weakly bound), and rapidly excreted. 
If this hypothesis is valid, it can be anticipated 
that the unbound fraction would become chelated 
with EDTA and rapidly lost in the urine, while 
the strongly bound fraction would largely remain 
uninfluenced by this agent, and follow the pattern 
of elimination seen in the absence of EDTA. 
Review of both the human and mouse data (Tables 
I and II; Figure 3) supports this assumption. 

The hypothetical kinetics described above could 
be further modified in the body, and the effects of 
EDTA lessened, by other competing divalent ions 
such as calcium or magnesium, which could form 
complexes with the EDTA in the dose. Such an 
effect is probably minimal, since the formation con- 
stant of the Ca-EDTA complex is many orders of 
magnitude smaller than that for Mn-EDTA. The 
Mg-EDTA formation constant is even smaller 
(1). 

This hypothesis of multiple metabolic pathways 
was first suggested by the two patients (R. B. and 
M. D.) in whom the excretion of “ionic” Mn was 
followed. In these subjects, fecal excretion 
reached a peak on the second day (Table I), and 
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then slowed markedly. Confirming this sugges- 
tion, the mouse studies showed Mn retention 
curves which can be readily analyzed into fast and 
slow components (Figure 3). 

Likewise, consideration of these same two pa- 
tients (R. B. and M. D.) permits some specula- 
tion about the effects of additional carrier on Mn 
excretion. R. B. received about 40 times as much 
Mn (0.66 mg.) as did M. D. (0.017 mg.), and 
during the six days of observation R. B. excreted 
31.4 per cent of the dose, while M. D. excreted 
only 8.4 per cent. It would appear that the rate of 
excretion is increased as more carrier is given. 
Such a phenomenon has been previously observed 
in rats (5, 6). On the basis of the multi-com- 
ponent hypothesis, one would anticipate that this 
increase in the rate of excretion would be due to 
an increase in the proportion of the total dose be- 
ing eliminated via the unbound, rapidly excreted 
components. From the mouse data, one finds 
(Table II) that a ten-fold increase in carrier 
raises the intercept of the rapidly excreted com- 
ponent from 34.6 per cent to 74.8 per cent, as 
predicted. 

The effects on excretion kinetics of increasing 
the amount of carrier Mn, and that of pre-chelation 
of Mn with EDTA, may be readily explained by 
this hypothesis. In both instances the effect ap- 
pears to be one of increasing the proportion of Mn 
excreted in the rapid component. It seems plausi- 
ble to assume that the manganese binding capacity 
is limited, and therefore that additional carrier 
Mn would be shunted into the rapidly excreted 
fraction, and have little influence on the slowly 
excreted, bound fraction, which presumably has 
been saturated. A strong chelating agent, such as 
EDTA, would act by competing with the bound 
fraction for the available Mn, and sequestering 
some of it. Since EDTA itself is rapidly excreted 
(1), the Mn bound by it would appear in the 
rapidly excreted fraction. The increase in the 
fast component produced by this means would 
have an inverse relationship to the strength of the 
physiological mechanism for Mn binding. 


CONCLUSIONS 


1. The kinetics of manganese excretion were 
studied in man and in mice following the intra- 
venous injection of a radioactive tracer. 
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2. Rapid removal of manganese from the circu- 
lating blood occurred, and slowing of this removal 
after pre-chelation of the dose with EDTA was 
observed. 

3. Manganese excretion in the patients studied 
was primarily fecal. When pre-chelated with 
EDTA, Mn is eliminated almost exclusively in 
the urine for about 24 hours, and then fecal ex- 
cretion is resumed. 

4. Excretion curves obtained from mice could be 
analyzed graphically into fast and slow compo- 
nents. Increasing carrier Mn, and pre-chelation 
of Mn with EDTA both increased significantly 
the intercept of the fast component. 

5. It is suggested that the degree of influence 
on the excretory pattern of manganese exerted by 
pre-chelation with EDTA is an inverse function of 
the degree and type of physiological binding of 
this element. 

6. It is suggested that the observed behavior of 
manganese is best explained by assuming the ex- 
istence of bound and unbound fractions in the 


body. 
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The recovery of epinephrine (E) and norepi- 
nephrine (N) from plasma on activated alumina 
is reproducible and this adsorption technique can 
be made reasonably specific for catechols. The 
development of chemical methods for the assay of 
E and N in peripheral plasma has been hampered, 
however, by: 1) the low concentrations of E and 
N normally present (1 wg. per L. or less) ; 2) the 
lack of specificity of the methods for E and N in 
the presence of other catechols which are excreted 
in urine (1, 2) and thus presumably are present in 
blood; and 3) difficulty in obtaining “blanks” 
from plasma extracts or eluates, a condition usu- 
ally met in methods designed to measure endoge- 
nous substances. 

In 1949 and 1950, Lund (3-5) described a 
method based on the conversion of E and N to 
their fluorescent trihydroxyindole derivatives. 
Only dihydroxyphenyl compounds possessing a 
side chain which contains both an hydroxyl and 
an amino group appear to be detected by this 
method, and “blanks” can be obtained by allowing 
oxidation of the trihydroxyindole derivatives of E 
and N to proceed to a non-fluorescent state. How- 
ever, the sensitivity of the method appears insuffi- 
cient to permit measurements of E and N in small 
quantities of normal peripheral plasma (5). Si- 
multaneously, Natelson, Lugovoy, and Pincus (6) 
described the condensation of E with ethylenedia- 
mine (EDA) to form a highly fluorescent product. 
In 1952 and 1953, Weil-Malherbe and Bone (7, 
8) extended the use of this procedure to the simul- 
taneous estimation of E and N in blood by meas- 
uring the intensity of fluorescence at two different 
wave lengths. Modifications (9, 10) have been 
reported, and the method appears to be in fre- 


1Supported in part by Grant H-1568(C) from the 
United States Public Health Service. 


quent use. It is less specific than the Lund (tri- 
hydroxyindole) method, and will detect the pres- 
ence of dihydroxyphenyl compounds other than E 
and N (7). 

The levels of E and N found in normal human 
plasma by Weil-Malherbe and Bone (1.3 and 5.2 
micrograms per liter, respectively) differ from 
those observed by others (10-12) using essentially 
the same method, and from the levels obtained by 
bioassay (13). In view of the fact that a reliable 
method for estimation of E and N can assume im- 
portance in the interpretation of physiological 
changes in man, it was considered necessary to 
re-evaluate the EDA method and to compare the 


results obtained with this technique with those ob- 
tained by the trihydroxyindole method. Our re- 
sults with both dog and human plasma indicate 
that the EDA method is not specific for N, and 
may not be so for E. 


METHODS 


Blood was collected in heparinized syringes, the cells 
separated by centrifugation, and to a measured amount 
of the plasma one-half its volume of sodium fluoride (2 
per cent)-sodium thiosulfate (3 per cent) solution was 
added. 

Removal of E and N from plasma was accomplished by 
adsorption of the catechol amines on activated alumina at 
pH 8.0 to 8.5, followed by elution from the alumina column 
with acetic acid as described by Weil-Malherbe and 
Bone (7). Woelm alumina, non-alkaline, Grade I (Alu- 
pharm Chemical Co., Elmont, L. I.) was found uniformly 
low in blank value and satisfactory for routine use. 
Pressure was used instead of suction on the columns in 
order to avoid vaporization of the solvent within the 
column bed. 

A Farrand fluorometer with output connected to a 
Rubicon galvanometer was used to measure fluorescence. 
The primary filter used for the EDA method was an in- 
terference filter with a transmission peak at 436 my plus 
a Wratten gelatin filter No. 35; secondary filters were 
1) a green filter pair composed of an interference filter 
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with a peak at 500 mu plus a Wratten gelatin filter No. 
57, and 2) an interference filter with a peak at 580 mz. 

The permanent standard used was a 10-ml. isobutyl al- 
cohol extract of 10 ml. of water containing 20 micro- 
grams of E which had been condensed with EDA; this 
was stored at 4°C and diluted 1: 100 with isobutyl alco- 
hol for use as needed to maintain instrument sensitivity at 
a preassigned value (90.0 divisions at diaphragm opening 
No. 3) for each secondary filter. 

I. Ethylenediamine method. Two major modifications 
were necessary before the Weil-Malherbe and Bone 
method could be used. They were required because: 1) 
the fluorescence of E condensate in alumina eluate is 
roughly 150 per cent of its value in water or acid solu- 
tion, and 2) the fluorescence of N condensate decays ex- 
ponentially and irreversibly in strong blue or green light. 
Modifications were made as follows: 1) preparation, for 
use with each analysis of two standards of E and N 
(0.04 microgram of base per 10 ml.) and of two rea- 
gent blanks, each in 5 ml. of 0.33 M acetic acid which 
has been passed through a 0.7 gram column of alumina 
previously prepared in water, plus water to make a total 
volume of 10 ml.; 2) following the addition of EDA, 
all samples were exposed to light (dim room light only) 
for the same length of time. Readings were made 
through the secondary green filter pair first, noting the 
galvonometer deflection at a constant time interval (five 
seconds) after opening the shutter; the procedure was 
then repeated using the yellow secondary filter. This 
allowed for completion of galvonometer response, al- 
lowed equal decay-time of N condensate for all samples, 
and reduced the fluorescence by the least amount possible. 
(The blue-green fluorescence of ethylenediamine con- 
densates of noradrenaline and certain other catechols de- 
cays rapidly when these substances are excited by light 
of 436 mu; the yellow emission is relatively stable.) 

II. Trihydroxyindole method. The method of Lund 
(5) as modified by von Euler and Floding (14) was used 
essentially as described to assay E and N. Blanks were 
prepared by adding ascorbic acid to the plasma eluate 
before the ferricyanide, thus preventing conversion of E 
and N to their respective chromes. The intensities of 
fluorescence due to E and N were determined, using two 
primary interference filters (400 and 438 mz). 

In both methods calculations of E and N levels were 
made by solving sirgultaneous equations involving the net 
galvanometer deflections (fluorescence above blank) ob- 
served using the two filters. 


RESULTS 

I. Specificity 

Specificity of the EDA method was studied in 
three ways: a) by the addition of certain mono- 
and di-hydroxyphenyl compounds ? to plasma, fol- 

2We wish to thank Dr. Richard Dahlbom, of Astra, 
Ltd., for kindly supplying 3,4-dihydroxyphenyl acetic 
acid, and Dr. M. L. Tainter, Sterling-Winthrop Research 
Institute, for 1-epinephrine and 1-norepinephrine. 
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lowed by estimation of their recovery by alumina 
column chromatography, b) by condensation of the 
substances with EDA and comparison of their 
fluorescence spectra with those of E and N con- 
densates, and c) by comparison of apparent E and 
N levels in the same plasma eluates by both the 
EDA and trihydroxyindole methods. The com- 
pounds selected were some of those which might 
be expected to be present in blood, and which could 
interfere in the EDA method. 

A, Recovery. The recoveries of dihydroxy- 
phenylalanine (dopa), 3-OH tyramine (dopa- 
mine, ) 3,4-dihydroxyphenyl acetic acid (“dopac’’), 
isopropylnoradrenaline, and 5-hydroxytryptamine 
(serotonin), after addition to plasma and assay by 
the EDA method, are shown in Table I, together 
with representative recoveries of E and N. Sero- 
tonin was the only compound tested which was re- 
covered in negligible amounts, due to non-adsorp- 
tion on alumina. Omission of the fluoride-thiosul- 
fate preservative from the plasma did not reduce 
the recovery of E, reduced that of N by less than 
twenty per cent, but diminished that of dopac by 
more than fifty per cent. 

B. Relative fluorescence of condensation prod- 
ucts. Standard solutions of the mono- and di- 
hydroxyphenyl compounds were made up in the 
same manner as the usual E and N standards, 
using EDA condensation. The fluorescence inten- 
sities of these compounds and of E and N are 
given in Table II. The intensity of fluorescence of 
added E obtained with the secondary yellow filter 


TABLE I 


Recovery of netireg compounds added to plasma 
(EDA method) 








Per cent 


Micrograms 
recovered 


Compound added 





‘ae (3,4-dihydroxy- 
reaped B-methyl amino- 
ot hanol) 
1-Norepinephrine (3,4-dihydroxy- 
phenyl-B-aminoethanol) 
Dopac (3,4-dihydroxyphenyl 
acetic acid) 
Dopamine (3,4-dihydroxyphenyl- 
-aminoethane) 
Dopa_(3,4-dihydroxyphenyl-B- 
aminopropanoic acid) 50 94 
Isopropylnoradrenaline (3,4-dihy- 
droxyphenyl-B-isopropyl- 
aminoethanol) 
Serotonin (5-hydroxyindole 
acetic acid) 


0.001-0.20 78 
0.005-4.0 80 
0.08-0.40 65 
0.02-50 79 


0.25-0.50 72 
150-250 0.17 
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has been arbitrarily assigned a value of 100 (ac- 
tual value = 930 divisions per microgram). 

C. Comparison of EDA and trihydroxyindole 
methods. Approximately 1.5 L. of arterial plasma 
was obtained by exsanguinating three dogs under 
light pentobarbital anesthesia (25 mg. per Kg. in- 
travenously). The catechols were eluted from 
twenty 100-ml. lots of plasma-preservative mixture 
on two gram alumina columns, washed with so- 
dium acetate solution (5 ml. of 0.2 M) and water 
(5 ml.), and eluted in 5 to 10 ml. of 0.3 M acetic 
acid. Aliquots of the combined eluates from each 
dog’s plasma were analyzed using both the EDA 
and trihydroxyindole methods. Blanks and ad- 
ditions of E and N were prepared from each eluate 
for assay by the trihydroxyindole method. There 
was good agreement between the E levels esti- 
mated by the two methods (E = 1.78 pg. per L. 
by EDA and 1.84 yg. per L. by trihydroxyindole) ; 
however, N levels were invariably less by the tri- 
hydroxyindole method and averaged only 30 per 
cent of the level obtained by the EDA method 
(N = 0.85 by EDA and 0.29 by trihydroxyindole). 

Smaller quantities of human plasma (25 to 50 
ml.) were separated from blood drawn from the 
antecubital veins of four normal volunteers, and as- 
sayed for E and N by the trihydroxyindole method. 
The mean values were (ug. per L.) E=0.00+ 
0.005 (S.E.) and N =0.20+0.097 (S.E.). A 
10-ml. sample of plasma was obtained by similar 
means from each of 17 normal subjects and the E 
and N levels estimated by the EDA method. The 
mean values were (yg. per L.) E = 0.097 + 0.034 
(S.E.) and N = 2.74+ 0.277 (S.E.); both are 
significantly (p < 0.01 by Fisher t test) greater 
than the levels obtained using the trihydroxyindole 
method. 

Three 30-ml. samples of normal human plasma 
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TABLE II 


Fluorescence of hydroxyphenyl compounds 
DA method) 








Relative fluorescence 
intensity with 
filter No. 


Pinner 
(500/580) 


0.58 
3.74 
4.04 
1.13 
1.69 
0.73 
2.22 


580 
(yellow) 
100 
34 
$4 
30.9 
0.65 
59 
2.2 


500 
(green) 


Compound 





58 
127 
21 
35 
1.1 
43 
4.9 


Epinephrine 
Norepinephrine 

Dopac 

Dopamine 

Dopa 
leoptipetntiladiiidtinds 
Serotonin 





were divided in half. Preservative was added to 
one half but not to the other, and both were ana- 
lyzed by the EDA method. The apparent E level 
was increased by an average of 0.07 pg. per L. 
when preservative was omitted, while that of N 
was reduced to from thirty to fifty per cent of that 
estimated in the preservative-treated fraction. 


II, Sensitivity 

The sensitivity of the EDA method for E and N 
is limited largely by variation in the blanks. Ad- 
dition and recovery experiments indicate that as 
little as 0.001 to 0.002 ng. E and 0.005 to 0.010 ug. 
N can be detected in plasma eluates. 


DISCUSSION 


To facilitate discussion the E and N levels (ug. 
per L.) found in human peripheral plasma by vari- 
ous workers have been summarized in Table III. 
It is evident that the E levels estimated by most 
workers using the EDA method are in the same 
range (0.0 to 0.2 wg. per L.) as those estimated by 
bioassay or by the trihydroxyindole method, while 
the N levels measured by the latter are only a 


TABLE III 
Epinephrine and norepinephrine concentration in human peripheral plasma (ug. per L.) 








No. of 


Method subjects E+S.D. 


N+S.D. Author 





Guinea-pig uterus 1 
Trihydroxyindole 4 
EDA (with preservative) 17 
oe (without preservative) : 

6 + 0.2 


‘4 
22 males 18 + 0.21 
21 females 4 


0.083 + 0.16 


46 + 0.38 
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Holzbauer and Vogt, 1954 
Valk and Price, 1956* 

Same 

Same 

Manger and co-workers, 1954 
Aronow, 1956 

Weil-Malherbe and Bone, 1953 
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* Uncorrected for losses in recovery (ten to twenty per cent). 
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tenth as great as by the EDA method. This is 
evidence for the presence in plasma of a substance 
which: 1) is adsorbed on alumina at pH 8.0 and 
eluted by dilute acid, 2) has a fluorescence ratio 
(net fluorescence read using green secondary filter 
divided by that read on yellow filter) similar to 
that of N by the EDA method, and 3) is not de- 
tected by the trihydroxyindole method. If the 
fluorescence ratio of the interfering substance dif- 
fered markedly from that of N, solution of the 
simultaneous equations used to calculate E and N 
by the EDA method would yield a false value for 
E, and the apparent E levels calculated by the two 
methods would differ considerably. Comparison 
with the results obtained by Holzbauer and Vogt 
(13) further suggests that the substance interfer- 
ing in the EDA method is either not recovered by 
their procedure or does not inhibit carbachol-in- 
duced contractions of the guinea pig uterus. 

Among the catechol substances which have been 
reported present in human urine, tissue extracts, 
or blood are: 1) isopropylnoradrenaline, tentatively 
identified by Lockett (15) in the adrenal medulla ; 
2) dopamine, found in urine (1), and 3) dopac 
which has been tentatively identified in urine by 
von Euler, von Euler, and Floding (2). Dopa has 
not been shown to be present in tissue or biologi- 
cal fluids, nor has dihydroxyphenylserine, and iso- 
propylnoradrenaline constitutes less than one per 
cent of the E and N in the human adrenal medulla 
(15). Therefore, the principal possibilities for the 
substances detected in plasma eluates by the EDA 
method (but not by the trihydroxyindole method) 
appear to be dopamine and its supposed metabolite 
dopac. Both substances are adsorbed from plasma 
by alumina and are eluted by dilute acetic acid; 
also, neither substance produces significant fluo- 
rescence by the trihydroxyindole method. How- 
ever, the EDA condensate of dopamine has a 
fluorescence ratio different from that of either E 
or N, while the fluorescence ratio of dopac con- 
densate differs from that of N by less than ten 
per cent. Furthermore, dopac is apparently bio- 
logically inactive (2). A substance present in 
plasma and interfering in the EDA method may 
therefore be dopac. 

Further evidence for the presence of a dopac- 
like substance in plasma was obtained by omitting 
the addition of preservative to same plasmas, 
thereby reducing the recovery of authentic nor- 
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adrenaline from the plasma only slightly while 
diminishing that of dopac to approximately thirty 
per cent. This technique resulted in much better 
agreement between the “N” levels estimated by the 
EDA and trihydroxyindole methods than occurred 
when preservative was used. 

Since the fluorescence ratios of N and dopac are 
slightly different the presence of dopac in plasma 
eluates will introduce a systematic error in the 
estimation of E by formulae involving the fluores- 
cence ratio observed for N. Recalculation of the 
data obtained from normal human plasma indi- 
cates that the average E level of 0.1 micrograms 
per liter should be more nearly 0.2 to 0.3 micro- 
grams per liter, assuming at least two-thirds of 
the “N” value to be due to the presence of dopac. 
This value thus exceeds the level calculated by the 
trihydroxyindole method by at least 0.2 micro- 
grams per liter. This difference could have a 
number of explanations, among which are 1) the 
presence of a fourth catechol in plasma, or 2) a 
systematic error in either method. 

The levels of “E” and “N” obtained by Aronow 
and Howard (10, 11) and Manger and his co- 
workers (12) using the EDA methods are in sub- 
stantial agreement with our own, but differ greatly 
from those estimated by Weil-Malherbe and Bone 
(8). Further, we have been unable to confirm the 
finding of Weil-Malherbe and Bone that there is 
an association of “E” and “N” with platelets (16) 
and we have observed an increase in plasma “E” 
during insulin hypoglycemia in man (17) rather 
than a decrease which they (18) have reported. 
It may be concluded that differences in method 
other than those described must exist. 

The sensitivity and precision of the EDA meth- 
ods appear sufficient to permit detection of quan- 
tities of E and N in plasma of the order of 10°* yg. 
However, the specificity of the methods for N in 
plasma eluate is inadequate, while specificity for E 
is not established. If further effort is to be ex- 
pended on methods to determine E and N levels 
in peripheral plasma by chemical means, it appears 
likely that procedures more specific than EDA 
condensation must be employed. 


SUMMARY AND CONCLUSIONS 


1. The ethylenediamine condensation method is 
capable of detecting amounts of epinephrine and 
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norepinephrine of the order of 10-* micrograms 
after their addition to plasma. 

2. The method is not suitable for estimating the 
norepinephrine concentration in either canine or 
human peripheral plasma. 

3. Changes in epinephrine concentration can be 
measured provided that the concentrations of other 
catechols in plasma remain unchanged. 
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The widespread application of red cell survival 
techniques has revealed the importance of exces- 
sive red cell destruction in the pathologic physi- 
ology of many of the anemias. An increasing ar- 
ray of im vitro methods for detecting red cell or 
serum abnormalities has provided insight into the 
im vivo mechanisms underlying some of these proc- 
esses. In certain disease states the presence of 
visible or physically measurable alterations of the 
red cells has permitted detection of the sites and 
to some extent of the mechanisms of sequestration 
of these cells. Such valuable observations have 
been made upon pathologic material from patients 
with congenital hemolytic anemia (1-5) and 
sickle cell anemia (1, 5-7). The need has con- 
tinued to exist, however, for a clinical method by 
which to determine the sites of red cell destruction, 
both for an understanding of the relationship be- 
tween red cell abnormalities and the body’s red 
cell clearing mechanisms, and for pragmatic aid 
in the often difficult decisions concerning splenec- 
tomy. 

The potential usefulness of Na,Cr**O,-labelled 
red cells in the clinical determination of the sites 
of red cell destruction was suggested to us by ob- 
servations on postmortem tissues taken from a 
patient with the hemolytic anemia of liver disease, 
who succumbed during observation of the sur- 
vival of Cr**-labelled autogenous red cells.2 The 
Cr*" activity of the patient’s splenic tissue was 


1 This investigation was supported in part by a grant 
from the Helen Hay Whitney Foundation and by Re- 
search Grant RG3507(C3) from the National Institutes of 
Health, Public Health Service. 

2Cr™ either as Cr"O,~ (8) or as Cr™*** (9) is 
capable under appropriate conditions of firmly labelling 
red cells by chemical attachment to the hemoglobin and 
to the red cell membrane, respectively. For brevity, how- 
ever, red cells labelled with Na,Cr"O, will be described 
here as “Cr™-labelled red cells.” 


greater than that of other tissues even when cor- 
rection was made for the Cr** activity of the re- 
sidual red cells. Moreover, the radioactivity of 
the packed red cells removed from the spleen ex- 
ceeded that of a comparable sample of packed red 
cells from the peripheral blood. In order to in- 
vestigate the possibility that Cr*'-labelled red cell 
deposition could be determined by measuring body 
surface radioactivity, several questions required 
exploration: 1) Are the emanations of Cr** suit- 
able for external body scanning at safe dosage 
levels? 2) Does the site of tissue deposition of 
Cr®* following the intravenous injection of Cr°?- 
labelled red cells necessarily indicate the site of 
deposition of whole red cells? 3) Is the turnover 
of Cr** deposited in tissues sufficiently slow to 
provide a detectable accumulation? 4) Finally, 
do the results obtained confirm the information 
already established in certain specific instances, 
for example, in congenital hemolytic anemia and 
in sickle cell anemia? In order to investigate 
these questions, observations were first made on 
the distribution of Cr** in normal subjects. The 
fate of Cr*'-labelled autogenous red cells was then 
observed in patients with known intracorpuscular 
defects and, lastly, in patients with certain diseases 
generally characterized by excessive red cell de- 
struction and a preliminary report (10) was made. 


METHODS 


Cr™ labelling technique. All red cell labelling was per- 
formed under sterile conditions with Na,Cr"O,? diluted 
with normal saline to a concentration of about 30 micro- 
grams of chromium per cubic centimeter. Between 100 
and 150 microcuries of Cr™ in this form were added with 
immediate mixing to 50 cc. of whole blood in a siliconized 
flask containing 12 cc. of acid-citrate-dextrose solution. 
The flask was then gently agitated continuously for 45 


8“Rachromate,” Abbott Laboratories, North Chicago, 
Illinois. 
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Ficure 1 


The gradual, almost linear, disappearance of Cr™-labelled normal autogenous red 
cells from the blood stream shown in the upper portion of the figure is reflected by 


a gradual accumulation of Cr™ in the tissues. 


Little difference exists in the levels 


of relative radioactivity over liver and spleen, as depicted in the lower portion of 


the figure. 


minutes. Unbound or reduced chromium was removed 
by washing the red cells once in sterile normal saline, 
after which the red cells were suspended in 2 volumes of 
normal saline preparatory to injection. Over 99 per 
cent of the Cr™ injected was in the red cells. 

Solutions of Cr™-labelled hemoglobin were prepared 
by similarly labelling red cells which were thereafter 
washed 5 times in normal saline and then hemolyzed with 
4 volumes of distilled water.* After adjusting the sodium 
chloride concentration of the suspending fluid to 0.85 gm. 
per cent, the red cell “ghosts” were centrifuged down and 
the supernatant solution was Seitz-filtered prior to 
injection. 

4It is equally feasible to label the hemoglobin in solu- 
tion after hemolysis; this may be done either with 
Na,Cr"O, or Cr™Cl,. 


A solution of a reduction product of Na,Cr“O,, Cr®Cl,,° 
was diluted with normal saline to a suitable volume; this 
was injected directly intravenously in one instance and 
after preliminary incubation with serum in another. 

Specimen collection and Cr™ determination. Following 
injection of Cr™-containing preparations, venous blood 
specimens were collected at appropriate intervals in 
bottles containing dry “balanced” oxalate. Their radio- 
activity was determined after hemolysis by freezing and 
thawing. Specimens for the measurement of plasma ra- 
dioactivity were drawn into saline-wetted syringes and 
the citrated plasma removed after centrifugation of the 
specimens within one hour of their procurement. The 
plasma samples were then frozen and thawed along with 


5 Radioactive chromic chloride, Abbott Laboratories, 
North Chicago, Illinois. 
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the whole blood samples. Plasma Cr™ activity was ex- 
pressed as a percentage of the whole blood activity by 
correction for the plasma volume of a sample of whole 
blood. When possible, all urine was collected as indi- 
vidual specimens for about 18 hours after the Cr®™ in- 
jection, and thereafter 24-hour urine collections were 
made. In several subjects serial 2- or 4-day total stool 
collections were made. The stool specimens were di- 
gested with 10 per cent sodium hydroxide and mixed in 
a blender before sampling. 

The radioactivity of all types of materials was deter- 
mined with a well-type scintillation counter. The “zero- 
time” peripheral blood radioactivity was estimated by ex- 
trapolation of a line drawn visually through points on 
semilogarithmic graph paper on which the concentration 
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of whole blood Cr™ was plotted against time. From this 
value the initial blood volume was calculated by the dilu- 
tion principle and the Cr™ concentration of the circulating 
blood was thereafter expressed as a percentage of the 
zero time value. The Cr™ content of the circulating blood 
was calculated as the product of the blood Cr™ concen- 
tration and the blood volume, by making the assumption 
that the latter was unchanged during the period of study. 
Red cell survival at any time was then taken as the per- 
centage of the injected Cr* which remained in the cir- 
culating blood. For graphic presentation data so ob- 
tained were plotted against time on rectilinear graph 
paper without correction for Cr™ “elution” from the red 
cells. The blood Cr™ activity was followed in most sub- 
jects until its disappearance. However, for easier com- 
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Ficure 2 


Following intravenous injection of Cr™-labelled hemoglobin solution, radioac- 
tivity disappeared from the blood at a continuously slowing rate with a half-disap- 
pearance time of 3 hours, whereas by chemical determination plasma hemoglobin 
was removed from the circulation “exponentially” with a half-time of from 1% to 


2 hours. 


With the removal of Cr* from the peripheral blood, there was a rapid, 


prominent rise in radioactivity over the liver and to a lesser extent over the spleen. 
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Ficure 3 


The upper portion of this figure indicates the great rapidity with which injected 
cationic trivalent Cr™ in saline is cleared from the circulation. Most of this chrom- 
ium appeared in the urine, with only a slight accumulation by the liver and spleen. 
Preliminary incubation of Cr“"Cl, and serum before injection enhanced the rela- 
tive Cr™ uptake by the liver. 


parison of data, a time axis of only 30 days was em- 
ployed in the presentation of the studies of individual pa- 
tients shown below in Figures 1 to 13. The urinary 
excretion of Cr was expressed as the cumulative per- 
centage of the injected dose of Cr*. Since in no in- 
stance was Cr™ excreted in the patients’ stools, the chro- 
mium not accounted for in blood or urine was designated 
as “tissue Cr” in the figures and in Table I. 

Body surface counting. Body surface counting was 
performed with a directional scintillation counter having 
a conical collimator 4 inches in depth and 3 inches in in- 
ternal diameter at the open end. Twenty minutes after 
the injection of materials labelled with Cr™, each patient 
was scanned. In no instance among the patients re- 
ported here were high levels of activity found other than 
over the heart, liver, or spleen. In each patient, there- 


fore, surface projections of these organs were deter- 
mined by physical examination and their approximate 
centers were marked with a skin pencil. In some patients 
radioactivity levels were also followed over the thoracic, 
lumbar and sacral areas. In performing each count the 
scintillation counter was plumb-centered over the ap- 
propriate mark with the patient in a standardized position, 
permitting the body surface overlying the organ to ap- 
proximate parallelism with the collimator surface. The 
counter was then lowered to direct apposition with the 
body surface and two or more measurements were made 
with an automatic scaler. 

In measuring the body surface radioactivity, it was 
recognized that a variable but important degree of radio- 
activity over each organ derived from the activity of the 
perfusing blood, as well as from stray radiation from one 





846 


organ to another. Since the geometric complexities in- 
volved prevented calculation of the absolute levels of 
organ radioactivity, a relative expression was employed. 
The precordial Cr™ activity grossly paralleled the activity 
of whole blood specimens and presumably emerged largely 
from the perfusing blood. Body surface counts were 
therefore expressed as the ratio of the radioactivity over 
a certain organ to that at the same time over the heart. 
This ratio represents a function of the quantity of Cr™ 
accumulated in the organ concerned, whether in red cells 


6 It is apparent, however, that precordial radioactivity 
reflects blood radioactivity most accurately when there 
is the least stray irradiation from neighboring organs 
such as the spleen. 
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or not, and may be regarded as a crude measure of a 
gradient between the organ and the circulating blood. 
Miscellaneous techniques. Plasma and urine hemo- 
globin levels were measured by a photoelectric adaptation 
(11) of the benzidine method of Bing and Baker. The 
mean normal value for plasma hemoglobin concentration 
in this laboratory is 26*+1.2 mg. (2 S.D.) per cent. 
Clinical material. The “normal” subjects studied were 
elderly males hospitalized for minor illnesses and/or for 
sociologic reasons. Three of these were given autogenous 
Cr™-labelled red cells. The 11 anemic patients displayed 
findings characteristic of their diseases. A brief summary 
of the vital statistics and of some of the hematologic data 
from these 14 subjects and patients is presented in Table I. 
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Ficure 4A 


The increased rate of Cr™-labelled red cell destruction in a patient, Case 1, with 
moderately severe congenital hemolytic anemia (hereditary spherocytosis) was 


attended by a predominant uptake of radioactivity over the spleen. 


Note both the 


increased splenic activity at zero-time and the manner in which Cr™ is progressively 
deposited in the spleen in proportion to its removal from the blood stream. 
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Ficure 4B 
The rate of red cell destruction in this patient, Case 2, with mild congenital he- 


molytic anemia (hereditary spherocytosis) was less rapid than in Case 1. 


There 


was also a less pronounced but still predominant uptake of Cr™ by the spleen. 


RESULTS 


General observations on red cell survival and cal- 
culated daily hemoglobin production 


The half-survival of Cr°*-labelled autogenous red 
cells given 3 normal subjects was 332 days 
(mean: 32.8). The red cell survival curves were 
slightly concave when the uncorrected data were 
charted on rectilinear graph paper. When these 
data were corrected for an in vivo “elution” of Cr5* 
from Cr®1-labelled red cells of 1 per cent daily as 
suggested by Ebaugh, Emerson, and Ross (12), 
the normal red cell survival data formed a 
straight line on rectilinear graph paper, indicating 


red cell destruction by senescence resulting in a 
mean cell life span of 112 days. On the other hand 
in all but 1 of the 11 patients with hemolytic ane- 
mias the blood Cr** data uncorrected for elution 
formed a straight line when plotted against time on 
semilogarithmic graph paper. Red cell destruction 
in these subjects was thus “exponential” or ran- 
dom in nature indicating that senescence did not 
detectably participate in the process, presumably 
since the rapidity of the random process (or 
processes) minimized cell death by aging. The 
rates of red cell destruction were thus calculated 
directly from the slopes of the red cell survival 
curves and are given in Table I. The correction 
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factor for the “elution” of Cr®* from normal red 
cells was again employed, although recognizing 
that this rate may actually differ for diseased red 
cells. In one anemic patient, Case 9, despite stable 
peripheral blood levels during the observation pe- 
riod, the Cr*?-labelled red cell survival data cor- 
rected for elution produced a straight line on 
neither rectilinear nor semilogarithmic graph pa- 
per. This survival curve presumably reflected a 
mixture of accelerated senescence and of random 
destruction. The rate of red cell destruction in 
Case 9 was estimated by a simple method for de- 
termining the mean red cell life span based on the 
concept of total red cell days (13). 

The rates of hemoglobin production shown in 
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Table I were determined in those 10 anemic sub- 
jects manifesting random red cell destruction as 
the product of the calculated rate of red cell de- 
struction and the mean total circulating hemo- 
globin level during the period of observation. In 
the normal subjects and in one anemic subject, 
Case 9, with a mixed hemolytic process hemo- 
globin production was calculated on the basis of 
the estimated mean red cell lifespan. 


Fate of Cr** derived from labelled red cells, hemo- 
globin, and chromic chloride 


Observations on one of the normal subjects who 
received Cr®!-labelled autogenous red cells are pre- 
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Ficure 5A 


The Cr™-labelled red cells of a patient, Case 3, with moderately severe sickle 
cell anemia were removed from the circulation in an “exponential” fashion and 


showed a half-survival time of 11.2 days. 


There was a moderate increase in radio- 


activity over the liver but not over the splenic area. 
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Ficure 5B 


The simultaneously observed survival of red cells from Case 3 in a normal com- 
patible recipient was appreciably shorter with a half-survival time of 6.0 days. 
This was associated with high levels of radioactivity over both spleen and liver. 
Note also the smaller excretion of Cr™ in the urine of this subject. 


sented in Figure 1. In the upper portion slow ac- 
cumulation of Cr®? in the tissues is evident, 
amounting to about 60 per cent of the Cr* re- 
moved from the circulation at the red cell half- 
survival time. A high, transient Cr** excretion in 
the urine followed for 1 to 2 days the injection of 
unwashed Cr*!-labelled red cells in subjects not 
presented here, whether or not a reducing sub- 
stance such as ascorbic acid had been added to the 
sample of whole blood prior to injection ; however, 
no such early hyperexcretion of Cr+ was evident 
in the normal subjects who received washed Cr*?- 
labelled red cells. The radioactivity over the livers 
as well as over the spleens of normal subjects 20 
minutes after the injection of Cr*!-labelled red 


cells ranged from 60 to 80 per cent of that over 
the precordium ; and even after 30 days this ratio 
increased little. The lower portion of Figure 1 
depicts the slow minimal increase in relative radio- 
activity occurring almost equally over liver and 
spleen thereafter. 

Each of three other normal subjects (not listed 
in Table I) was given 1 gm. of Cr*?-labelled au- 
togenous hemoglobin injected intravenously over 
a period of 2 or 3 minutes. This produced no 
hemoglobinuria or hemosiderinuria and led to 
zero-time plasma hemoglobin levels which ranged 
from 30 to 40 mg. per cent. Hemoglobin, as de- 
termined colorimetrically, was cleared from the 
plasma in an exponential fashion with a half-disap- 
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pearance time of from 1.5 to 2 hours. In con- 
trast, both the whole blood and the plasma Cr? 
activity disappeared at a slower rate with a half- 
disappearance time of about 3 hours and a con- 
tinually slowing rate of disappearance thereafter 
(Figure 2). Although this in vivo “separation” 


of chromium from hemoglobin began shortly after 
injection, Cr**-labelled hemoglobin incubated at 
37° C. im vitro in the presence of serum retained 
its radioactivity for 24 hours, as determined by 
electrophoresis and radioautography.? As depicted 


7In a similar study Cr™ initially bound to gamma 
globulin (Cohn fraction II-1, 2) migrated electropho- 
retically with the albumin and alpha globulin after 24 
hours’ incubation of the labelled gamma globulin with 
normal plasma. 
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in Figure 2, after 24 hours in vivo 60 per cent, and 
by 8 days 75 per cent of the Cr®* removed from 
the blood stream was deposited in the body tis- 
sues. The highest level of body radioactivity ap- 
peared over the liver and approached a maximum 
within 6 hours; a parallel but lesser rise in radio- 
activity appeared over the spleen. Following the 
injection of 1 gm. of Cr**-labelled hemoglobin into 
a splenectomized patient the rate of disappearance 
of Cr** and of hemoglobin from the plasma was 
similar, but there was no increase in radioactivity 
over the “spleen” area. The maximal hepatic ac- 
tivity in this patient, as in normal subjects, ap- 
proximated 3 times that of the precordium. 
Twenty-four hours after the injection of Cr*'- 
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FiGuRE 6 
The red cell half-survival time in this patient, Case 4, with Cooley’s anemia 


(thalassemia major) was 16.5 days. 


the patient’s large spleen indicates a large vascular organ. 


The high initial relative radioactivity over 


The subsequent pro- 


gressive increase of radioactivity over the patient’s spleen mirrored the Cr*-labelled 
red cell survival curve and indicates progressive red cell sequestration by the spleen. 
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Ficure 7A 


The early rapid phase of red cell destruction depicted in this patient, Case 5, 
with paroxysmal nocturnal hemoglobinuria and splenomegaly presumably repre- 
sented destruction of the patient’s own red cells with a half-survival estimated at 


about 7.2 days. 


The late slow phase was presumed to represent disappearance of 


the normal previously transfused red cells which were estimated to constitute 30 
per cent of those in circulation at the time of labelling with chromium. An in- 
creased accumulation of Cr™ by the patient’s enlarged spleen was observed. This 
uptake was about half that of a patient with hereditary spherocytic anemia, Case 1, 
whose red cell survival was similar (Figure 4A). 


labelled autogenous hemoglobin solution into a 
dog, the concentrations of radioactive chromium in 
the liver and spleen of the sacrificed animal were 
similar and greatly exceeded those of the lungs, 
lymph nodes and bone marrow. An intermediate 
concentration of radioactivity was found in the 
kidney. The major amount of chromium was thus 
present in the heaviest organ, the liver. 

The fate of a reduction product of sodium 
chromate, trivalent cationic chromium, was in- 


vestigated in two normal subjects. In the first 
subject, Cr°*Cl, was injected in saline intrave- 
nously ; and in a second subject after preliminary 
incubation with the recipient’s serum at 37° C. io: 
one hour. In both, most of the Cr®+ was promptly 
removed from the blood stream and in large part 
excreted in the urine. The half-disappearance 
time of Cr** from the blood stream was about 15 
minutes in each instance. In the first subject, as 
shown in Figure 3, a slight progressive hepatic 





852 


uptake of Cr°* occurred. In the second, a hepatic 
uptake of two times that of the precordium was ob- 
served at the end of 24 hours. In neither case was 
significant splenic radioactivity noted. 


Patients with intracorpuscular defects 


Congenital hemolytic anemia. Studies of a 
patient, Case 1, with moderately severe congenital 
hemolytic anemia (hereditary spherocytosis) dem- 
onstrated an abbreviated exponential red cell sur- 
vival curve in which half the cells were removed in 
8.0 days (Figure 4A). Radioactivity over the 
moderately enlarged spleen was 124 per cent of 
that of the precordium at zero-time and the rela- 
tive splenic radioactivity increased steadily in gen- 
eral proportion to the decline in blood activity to 
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reach about 400 per cent of that of the precordium 
after 25 days. Hepatic Cr* activity remained low. 
No hemoglobin or Cr** appeared in the patient’s 
plasma. 

A second patient, Case 2, with hereditary 
spherocytosis and anemia of mild intensity, 
showed similar but less pronounced findings (Fig- 
ure 4B). The red cell half-survival in this patient 
was 11.9 days. At that time the relative splenic 
radioactivity was over twice that of the pre- 
cordium. Again, the initial radioactivity over the 
patient’s enlarged spleen exceeded that of the nor- 
mal subjects and that over the liver remained low. 
A similar increase of Cr** occurred over the spleen 
of a normal subject of compatible blood group 
who received labelled red cells from Case 2. The 
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Ficure 7B 
Injection of the red cells of the same patient, Case 5, with paroxysmal nocturnal 
hemoglobinuria into a normal compatible recipient resulted in a longer red cell 
half-survival time of these cells, 16.0 days. As indicated above no definite Cr™ up- 
take was evident over either liver or spleen. 
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Ficure 8 


The moderate increase in autogenous red cell destruction in a patient, Case 6, 
with homozygous hemoglobin C disease was associated with only a slight rise in 


radioactivity over spleen and liver. 
falls within normal limits. 


patient’s red cells were destroyed more rapidly in 
the normal recipient than in the patient himself. 
Sickle cell anemia. The fate of the red cells of 
a patient, Case 3, with sickle cell anemia is depicted 
in Figure 5A. Half of these red cells were re- 
moved from the blood stream in 11.2 days at which 
time about 70 per cent of the derived Cr®* (35 per 
cent of that injected) was retained in the body. A 
moderate gradual increase in hepatic Cr** uptake 
accompanied the disappearance of Cr+ from the 
blood, whereas “splenic” radioactivity was ini- 
tially abnormally low and increased little there- 
after. A second patient with sickle cell anemia, 
not reported here, showed almost identical find- 


The Cr™ accumulation in the spleen probably 


ings. Simultaneously with the study depicted in 
Figure 5A, a portion of the labelled red cells from 
Case 3 were injected into a normal compatible re- 
cipient. The rate of destruction of the sickle cell 
anemia red cells was distinctly greater than in the 
patient herself. Their half-survival time was 6.0 
days, and at that time a larger fraction, over 80 per 
cent, of the derived Cr** was retained in the sub- 
ject’s tissues. In this recipient a pronounced and 
progressive splenic uptake of Cr°* accompanied a 
moderately heavy increase in hepatic radioactivity. 
In neither subject did Cr** appear in the plasma. 
Cooley’s anemia. The half-survival time of the 
autogenous labelled red cells of a patient, Case 4, 
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with Cooley’s anemia (thalassemia major) was 
16.5 days (Figure 6). There was, accompanying 
this, a moderate increase in splenic radioactivity 
beyond the initially elevated relative radioactivity 
over the patient’s moderately large spleen. 
Paroxysmal nocturnal hemoglobinuria. The 
half-survival time of the Cr*!-labelled autogenous 
red cells of a patient, Case 5, with paroxysmal noc- 
turnal hemoglobinuria was 7.2 days (Figure 7A). 
At the time of labelling approximately 30 per cent 
of the circulating red cells were normal previously 
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transfused cells. Associated with a period of rapid 
red cell destruction during the first 15 days after 
the injection of the labelled mixed red cell popula- 
tion, which presumably represented largely de- 
struction of autogenous red cells, there was a 
moderate increase in radioactivity over the pa- 
tient’s enlarged spleen. Subsequently a slight de- 
cline in relative radioactivity over both spleen and 
liver attended a progressive slowing of the rate of 
Cr** disappearance from the blood presumably as- 
sociated with the slower destruction of the normal 
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Ficure 9 


In this patient, Case 7, with severe Laennec’s cirrhosis and macrocytic anemia 
associated with chronic alcoholism the increased rate of disappearance of Cr™ from 
the blood indicated a moderately severe hemolytic process characteristic of this 
disease. This was associated with a distinct and progressive accumulation of Cr™ 
over the patient’s non-palpable spleen. Note also the initial and sustained abnor- 
mally low relative radioactivity over the patient’s enlarged liver. This was ob- 
served in 3 other patients with cirrhosis, and presumably reflects a reduction in 


hepatic vascularity. 
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Ficure 10 
The survival time of the red cells of a patient, Case 8, with untreated pernicious 
anemia was moderately reduced. The moderate increase in radioactivity over the 
patient’s non-palpable spleen indicates that the red cells were largely sequestered in 


that organ. 


transfused red cells. One hour after the injection 
of the labelled red cells 0.6 per cent of the whole 
blood radioactivity resided in the patient’s plasma 
indicating prompt release of labelled hemoglobin 
from destroyed red cells. Plasma radioactivity in- 
creased to 4.7 per cent of that in the whole blood 1 
day later, remained at about 5 per cent for 4 more 
days and then gradually diminished. The ratio of 
Cr** to hemoglobin in the plasma was several times 
greater than that in the red cells. No plasma Cr®* 
activity remained at 14 days. In contrast to the 
deposition of Cr** from labelled red cells largely 
sequestered in the spleen, the injection into this 
patient of Cr°'-labelled hemoglobin (not shown in 
Figure 7A) led to an increase in relative radioac- 


tivity over both the liver and spleen, with the 
hepatic uptake predominating slightly. The half- 
survival time of the Cr* derived from labelled 
hemoglobin was about three and one-half hours. 
Labelled red cells from Case 5 were destroyed 
less rapidly when transfused into a normal com- 
patible subject (Figure 7B). In this instance the 
red cell half-survival time was 16.0 rather than 7.2 
days, and there was no apparent sequestration by 
either spleen or liver. Plasma radioactivity was 
not measured. The possibility, implied by these 
results, of an exaggerated red cell sequestering ac- 
tion by the patient’s clinically somewhat enlarged 
spleen superimposed upon the underlying intra- 
vascular hemolytic process was borne out by the 
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subsequent beneficial effect of the surgical removal 
of a spleen weighing 660 gm. 

Hemoglobin C disease. A patient, Case 6, with 
a slight anemia, normal reticulocyte levels, many 
target cells, and a hemoglobin mobility on filter 
paper electrophoresis characteristic of hemoglobin 
C disease, demonstrated a moderate reduction in 
the survival of autogenous red cells labelled with 
Cr*! (Figure 8). Associated with this was a small 
“gradual increase in radioactivity over the spleen 
and somewhat less over the liver. 


Patients with extracorpuscular or mixed defects 


Liver disease. A patient, Case 7, with advanced 
cirrhosis and macrocytic anemia associated with 
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chronic alcoholism demonstrated the elevated retic- 
ulocyte levels (ranging from 8 to 24 per cent), hy- 
peractive erythroid elements in the bone marrow, 
and increased urobilinogen excretion frequently 
observed in this disease (14). The red cell half- 
survival time was 6.0 days (Figure 9). There 
was a moderate progressive increase of radioac- 
tivity over the spleen. The Cr** radioactivity over 
the liver one-half hour after injection of the la- 
belled red cells was abnormally low, 43 per cent 
of that over the precordium, and remained low. 
In 3 other patients with cirrhosis this initial value 
ranged from 40 to 60 per cent whereas in 6 normal 
subjects it ranged from 60 to 80 per cent of that 
over the precordium. Subsequently, Cr**-labelled 
hemoglobin was injected intravenously into this 
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Ficure 11 
This patient, Case 9, had a fairly severe, stable anemia associated with uremia 


resulting from chronic pyelonephritis. 


Despite a Cr™-labelled red cell half-survival 


of only 14.4 days, no abnormal accumulation of Cr™ occurred in either liver or 


spleen. 
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Ficure 12A 


The extremely rapid disappearance of Cr™-labelled red cells in a patient, Case 10, 
with a fulminating hemolytic process of unknown etiology was associated with an 
increased tissue retention of Cr™ and with high levels of radioactivity over both 


spleen and liver. 
hemoglobinemia were present. 


subject in divided daily doses calculated to ap- 
proximate the amount of hemoglobin which had 
been released from the Cr*!-labelled red cells each 
day. The Cr? injected in this manner accumu- 
lated largely in the patient’s liver rather than in 
the spleen. 

Pernicious anemia. The survival time of red 
cells from patients with untreated pernicious ane- 
mia when transfused into normal subjects has been 
observed by the Ashby technique to be diminished 
(15, 16). A reduced survival of red cells la- 
belled with Cr®* was also observed here in a pa- 
tient, Case 8, with moderately severe untreated 
pernicious anemia (Figure 10). A moderate ac- 
cumulation of Cr** in the patient’s non-palpable 


Autoagglutination of the red cells in the peripheral blood and 


spleen was also demonstrated whereas there was 
no definite uptake of Cr** by the liver. 

Anemia of chronic renal disease. A patient, 
Case 9, with chronic “stationary” uremia had a 
sustained, moderately severe, normocytic, normo- 
chromic anemia. The reticulocyte levels ranged 
from 1 to 4 per cent; there were about 5 per cent 
of “burr cells” in the peripheral blood, and the 
bone marrow aspirate was normal in appearance 
and cellular composition. The patient was found 
to have a reduced survival time of Cr*?-labelled 
autogenous red cells (Figure 11), a frequent find- 
ing in uremia (17-19). No increased Cr* uptake 
by either liver or spleen attended this process. 
Despite the shortened red cell survival, as in the 
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patient, Case 8, with pernicious anemia, it is in- 
teresting that by calculation underproduction was 
the greater factor in the production of this patient’s 
anemia (Table I). 

Acquired hemolytic anemia. A patient, Case 
10, with severe, acute, idiopathic acquired hemo- 
lytic anemia of unknown etiology associated ini- 
tially with hemoglobinemia and hemoglobinuria 
was studied on two occasions. During the first 
period of observation spherocytosis, mild auto- 
agglutination of the red cells in the peripheral blood 
and a positive Coombs test were found, and the pa- 
tient’s reticulocyte levels ranged from 17 to 47 per 
cent. The half-survival time of the patient’s Cr*!- 
labelled autogenous red cells was only 2.3 days. 
It was estimated that about 29 per cent of her red 
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cells were being destroyed daily and that the daily 
hemoglobin production averaged 55 gm. This re- 
markably rapid removal of Cr*!-labelled red cells 
from the blood stream was accompanied by an in- 
creased Cr** uptake by the spleen and also, to only 
a slightly lesser extent, by the liver. A repetition 
of these studies was undertaken 3 weeks later, 
when auto-agglutination and hemoglobinemia had 
disappeared, and the signs of hemolysis had les- 
sened. At this time the patient’s red cell half- 
survival time had increased to 7.8 days, while the 
spleen alone accumulated Cr** (Figure 12B). 

A second patient, Case 11, with idiopathic ac- 
quired hemolytic anemia exhibited a remarkably 
constant degree of anemia for several months, 
with hemoglobin concentrations of from 6.0 to 7.0 
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Ficure 12B 
Repetition 3 weeks later of the injection of Cr™-labelled autogenous red cells re- 
vealed an improved red cell survival at a time when the anemia had diminished. 
At this time autoagglutination and hemoglobinemia had disappeared, but there was 
a persistence of red cell sensitization, and less striking evidence of red cell seques- 
tration which was now confined to the spleen. 
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Ficure 13 
In this patient, Case 11, with moderately severe, stable idiopathic acquired hemo- 
lytic anemia associated with evidence of red cell sensitization approximately 20 per 
cent of the patient’s Cr*-labelled red cells were removed from the circulation daily. 
A heavy accumulation of Cr™ in the spleen mirrored the rapid disappearance of 


Cr™ from the peripheral blood. 


gm. per cent and reticulocyte levels ranging from 
19 to 34 per cent. The direct and indirect Coombs 
tests were persistently positive and slight hemo- 
globinemia (10 to 15 mg. per cent) continued to 
be present. An estimated 20 per cent of the pa- 
tient’s Cr®'-labelled red cells were destroyed daily 
and high levels of radioactivity accumulated over 
the slightly enlarged spleen (Figure 13). 


DISCUSSION 


Cr** in the determination of the sites of red cell 
sequestration 


The observations made on the normal subjects 
indicate that the excretion and body distribution 


of Cr®* derived from red cells labelled with 
Na,Cr™O, differs characteristically from that of 
Cr®? derived from Cr®!-labelled hemoglobin and 
from saline solutions of Cr®*Cl,. The tissue con- 
centrations in the dog’s liver and spleen of Cr°* 
derived from Cr**-labelled hemoglobin were simi- 
lar. Thus, the comparatively large liver contained 
a larger total amount of Cr**. This presumably 
explains the high radioactivity values found over 
the livers of normal human subjects who were in- 
jected with labelled hemoglobin. A comparable 
distribution of radioactivity between liver and 
spleen in rats was observed by Finch and his 
associates (20) with Fe®*-labelled hemoglobin. 
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DETERMINATION OF THE SITES OF RED CELL SEQUESTRATION 


The observed very abrupt clearance of Cr**Cl, 
from the circulation is consistent with the pro- 
pensity of cationic chromium to form colloidal 
molecular aggregates above a pH of 6.0. Here 
again, the small fraction of Cr*+ not excreted was 
predominantly taken up by the normal liver as de- 
termined by body surface counts; the hepatic up- 
take of Cr*+ was more striking when Cr®*Cl, had 
been incubated with serum prior to injection. 
These results conform with studies of the chro- 
mium distribution in rat tissues following the in- 
jection of Cr®*Cl, (21). 

Because of the softness of the x-ray and gamma 
ray emissions of Cr®*, less than 20 per cent of its 
radiations penetrate the trunk from a source placed 
beneath a normal supine subject. Nevertheless, 
with use of the apparatus described, the quantity 
of Cr** generally employed in red cell survival 
studies (12) is quite adequate for body surface 
counting. Indeed, the low energy and penetration 
of these emissions reduces the factor of stray radi- 
ation from neighboring organs. An accumulation 
of local radiation obviously may arise from red 
cells in transit through or sequestered in a given 
organ, from released hemoglobin or from Cr** in 
The 


some other form deposited in the organ. 
gradual accumulation in the urine of Cr®* presum- 
ably results in part from its slow elimination from 


the tissues. On the basis both of direct body 
counts and of the urinary excretion of Cr®*, the 
rate of loss from the tissue was calculated in 4 
subjects who had abruptly sequestered labelled 
sensitized red cell suspensions (9) to average 
about 4 per cent per day; the half-life for tissue 
elimination of Cr®** ranged from 14 to 21 days. 
Excretion of Cr was entirely renal. In no in- 
stance was there measurable Cr** in the stool. 
Stool Cr** measurements thus permit the ready 
detection of a potential error in red cell survival 
studies : occult intestinal bleeding. 

The findings in normal subjects when com- 
pared with those in the anemic patients presented 
above justify certain limited conclusions from body 
surface counting following injection of red cells 
labelled with radioactive sodium chromate: (a) 
A progressive, high splenic uptake of Cr** repre- 
sents the splenic sequestration of intact red cells. 
There appears to be no other way by which Cr** 
from labelled red cells can be accumulated pre- 
ponderantly by the spleen. (b) A high hepatic 
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uptake of Cr®°* in the presence of an intact spleen 
suggests the possibility, although not the certainty, 
that intravascular hemolysis of labelled red cells 
has occurred. 

That the sequestration of whole red cells by the 
spleen is indeed detectable by an attendant rise in 
radioactivity over the spleen was illustrated by 
Cases 1 and 2. In these patients with congenital 
hemolytic anemia the splenic Cr** uptakes mir- 
rored the disappearance of chromium from the 
blood stream (Figures 4A and 4B). Further- 
more, the injection of Cr*?-labelled red cells from 
Case 2 into a normal compatible recipient also led 
to a high relative radioactivity over the recipient’s 
normal-sized spleen. These observations cor- 
roborate the previously established evidence that 
spherocytes may be selectively retained by either 
pathologic or normal spleens (1-5). The some- 
what longer survival of autogenous Cr*!-labelled 
spherocytes in the patient, Case 2, with mild hered- 
itary spherocytosis than in a normal compatible 
recipient may have arisen from the competition 
for sequestration in the spleen of Case 2 by au- 
togenous unlabelled spherocytes. The moderate 
hepatic and comparatively low “splenic” uptake of 
Cr*1-labelled autogenous red cells from a patient, 
Case 3, with sickle cell anemia (Figure 5A) were 
interpreted as reflecting the splenic atrophy char- 
acteristic of this disease (6, 7, 22), especially be- 
cause prominent progressive increases in splenic 
as well as hepatic radioactivity were observed 
when an aliquot of the sickle cell anemia patient’s 
labelled red cells was transfused into a compatible 
normal subject (Figure 5B). That the sicklemia 
red cells survived only half as long in the normal 
subject as in the patient herself presumably indi- 
cates in part the beneficial effect on red cell sur- 
vival of the “autosplenectomy” characteristic of 
adult patients with sickle cell anemia. This is in 
contrast to the short survival time, even of normal 
red cells, in some children with sicklemia and 
large spleens observed by Lichtman, Shapiro, 
Ginsberg, and Watson (23). The considerable 
hepatic Cr°* uptake noted here also contrasts with 
the preponderant uptake of Cr°* by the spleen 
alone in congenital hemolytic anemia. These ob- 
servations, again, are consistent with previous 
studies (1, 5-7) revealing the hematologic basis 
for the erythrostasis, thromboses and infarcts 
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which early cause severe damage to the spleen and 
which gradually injure the liver. 

In addition to establishing the extent to which 
Cr** is accumulated by the liver or spleen, it is 
possible to discriminate by means of their respec- 
tive rates of increase between high relative radio- 
activity due on the one hand to sequestration of 
labelled red cells and that on the other due to 
simple organ enlargement with concomitant in- 
crease in vascularity. In the former situation local 
radioactivity necessarily builds up in an organ in 
approximate proportion to its rate of disappear- 
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ance from the blood. In the latter situation the 
high initial relative activity over the organ (unless 
followed at once by rapid accumulation) signifies 
a large vascular bed rather than red cell sequestra- 
tion. Thus, the presence of a high initial ratio 
of spleen Cr** to precordial Cr*’, i.e., greater than 
about 90 per cent, merely indicates splenomegaly 
with an attendant increase in perfusing blood and 
unless the ratio subsequently increases, as for ex- 
ample in Cases 1, 2, 4, 5, 7, 10 and 11, does not 
necessarily denote sequestration of red cells. A 
case illustrating this point is presented in Figure 
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Ficure 14 

This 48-year old Jewish female had spienomegaly and thrombocytopenia on the 
basis of Gaucher’s disease. The patient was not anemic, however, and her red cell 
survival, as indicated above, was almost normal. Although a high relative radio- 
activity appeared in the enlarged spleen shortly after the injection of Cr™-labelled 
autogenous red cells, there was no subsequent accumulation of Cr™ by the spleen. 
This pattern of radioactivity reflects the vascular size of the spleen rather than the 
filtration of red cells. 
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14. This patient had splenomegaly on the basis 
of Gaucher’s disease and showed no evidence of 
hemolysis. Her red cell half-survival time was 
about 25 days. Within a few hours of the injec- 
tion of Cr°*-labelled autogenous red cells the radio- 
activity over the spleen was 125 per cent of that 
over the heart; as blood Cr** activity declined, 
however, there was no further uptake of radioac- 
tivity by the spleen, suggesting that this large 
spleen possessed a large vascular bed but did not 
sequester red cells. Accordingly, Cr®* may some- 
times be employed to determine the nature of 
masses in the left upper quadrant when this is not 
otherwise possible. It must be pointed out, how- 
ever, that splenomegaly may exist with little or 
no increase in relative radioactivity over the spleen. 
Thus, whereas the initial Cr®* activity over the 
spleen was elevated in all observed cases of sple- 
nomegaly associated with a hemolytic anemia or 
usually with cirrhosis, this was not so, despite the 
presence of marked splenomegaly, in one case of 
chronic lymphatic leukemia; and the Cr** activity 
was only slightly increased in one case of agno- 
genic myeloid metaplasia with massive spleno- 
megaly. Presumably in these 2 patients spleno- 


megaly reflected non-vascular cellular hyperplasia. 
The use of Cr°*-labelled normal red cells in the 
anatomic identification of the spleen is thus reli- 
able only in a positive sense, that is, when a high 
initial relative radioactivity occurs over the sus- 


pected area. Conceivably sufficiently large vas- 
cular tumors, such as hemangiomata of the liver, 
might be similarly identified. 

Observations (9) reported elsewhere upon the 
organ distribution of Cr** and the appearance of 
hemoglobin in the plasma following injection of 
Cr*1-labelled red cells after exposure to complete 
or to incomplete antibodies indicate the experi- 
mental association of red cell agglutination and 
deposition in the lung and liver with hemoglobi- 
nemia. On the other hand, the association of red 
cell sensitization, without manifest agglutination, 
was with splenic sequestration and the absence of 
hemoglobinemia. On the basis of the plasma he- 
moglobin levels these processes have classically 
been distinguished as “intravascular” and “ex- 
travascular” hemolysis. The former state has of- 
ten been taken to indicate the presence of a cir- 
culating hemolysin despite the rarity with which 
hemolysins are actually demonstrable in hemolytic 
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diseases, even in patients (such as Case 10) with 
fairly striking increases in plasma hemoglobin 
levels. These experimental observations and those 
clinical observations reported or referred to here 
indicate the general tendency of mild or of discrete 
red cell alterations (as encountered in spherocytes, 
sensitized cells, and the morphologically peculiar 
cells encountered in pernicious anemia and in 
Cooley’s anemia) to lead to rather specific seques- 
tration by the spleen presumably due to the re- 
fined filtering function of that organ. This is at- 
tended by little or no release of hemoglobin into 
the circulation and may be interpreted as an 
“extravascular” process. More severe or gross 
red cell changes, such as agglutination, or discrete 
cellular changes which may grossly affect blood 
viscosity, as in sickle cell anemia, lead to a more 
indiscriminate filtration by the capillaries, espe- 
cially in the several organs with very large vascular 
beds: the lungs and liver, as well as the spleen if 
present and functioning. Such widespread red 
cell trapping, especially when not in close relation 
to concentrations of reticulo-endothelial cells, may 
favor the release of hemoglobin into the plasma 
and thus simulate the effects of a circulating 
hemolysin. 

It is interesting to note the coexistence of red 
cell agglutination, a large hepatic uptake of Cr*?, 
and high plasma hemoglobin levels at the time of 
the first observation on Case 10, a patient at that 
time with fulminating acquired hemolytic anemia. 
In Case 11, with an acquired hemolytic anemia of 
slightly less severity, the red cells were sensitized 
but not agglutinated, the preponderance of Cr** ac- 
tivity in the spleen was striking, and there was 
little rise in the plasma hemoglobin level. Of fur- 
ther interest was the observation that Case 5, the 
patient with paroxysmal nocturnal hemoglobinuria, 
manifested an increase in hemoglobinuria follow- 
ing splenectomy despite improvement in the red 
cell hemoglobin concentration. Later still iron 
deficiency ensued as evidenced by a fall in mean 
corpuscular hemoglobin concentration and in the 
serum iron level. These observations upon Case 
5 suggest that foliowing removal of the spleen a 
greater proportion of the patient’s cells were de- 
stroyed intravascularly rather than in the spleen 
with consequent increase in the urinary excretion 
of iron. 
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Technical hazards in the use of Cr™ 


In the clinical application of the present method, 
the Cr*?-labelling techniques described by others 
(12) are generally suitable. The uptake of chro- 
mate by red cells is highly pH-dependent, diminish- 
ing sharply as the pH exceeds 7.0. Thus, acid 
anticoagulant solutions, such as ACD solution, are 
suitable for red cell labelling with sodium chro- 
mate.* In addition, trivalent chromium arising 
from reduction of the chromate by dextrose or by 
added ascorbic acid is bound by citrate, which in 
turn inhibits binding by the plasma proteins and 
by the red cell membranes (9). During the initial 
moments of the labelling process, chromate en- 
ters the red cells so rapidly that a disproportionate 
“loading” of a small fraction of the cells occurs 
unless precautions are taken to employ a dilute 
solution of sodium chromate and to secure its im- 
mediate and thorough mixture with the blood 
sample. Chromate is an oxidant relative to hemo- 
globin, and methemoglobin appears in detectable 
quantities when the molecular ratio of chromate 
to hemoglobin exceeds 0.1, i.e., above about 22 
micrograms of Cr®* or about 70 micrograms of 
Na,Cr™O, per cubic centimeter of packed red 
cells.° The glycolysis of red cells, as measured in 
the Warburg apparatus, was found to be de- 
pressed in arithmetic proportion to the chromate 
concentration of the suspension. A significant de- 
pression of red cell glycolysis was demonstrable 
following the addition of as little as 10 micro- 
grams of Cr*! in the form of sodium chromate 
per cubic centimeter of packed red cells. Chro- 
mated hemoglobin was observed to migrate more 
rapidly than does normal hemoglobin toward the 


8 An exception to this was made in studying the red 
cells of the patient with paroxysmal nocturnal hemoglobi- 
nuria. In order to avoid the acid hemolysis characteristic 
of this patient’s red cells, heparin was employed as an 
anticoagulant during the labelling procedure. 

® This reaction appears to be a direct chemical oxidation 
of hemoglobin progressing in proportion to dosage and to 
time equally well with hemoglobin solutions or with in- 
tact red cells. That inactivation of the enzyme normally 
concerned with the reduction of methemoglobin is not 
involved was suggested by study of the effect of chro- 
mate upon the red cells of a patient with congenital 
methemoglobinemia, a disease in which this enzyme is 
believed to be absent or deficient: the rate and extent of 
conversion of oxyhemogiobin in the patient’s red cells 
to methemoglobin by chromate was the same as in 
normal red cells. 
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anode of a filter paper electrophoresis cell main- 
tained at a pH of 8.6 by barbital buffer. Under 
these conditions, the greater negative charge of 
the Cr**-labelled hemoglobin induced an increase 
in the electrophoretic mobility of hemoglobin of 
over 15 per cent. All of these observations stress 
the chemical alterations brought about by the Cr**- 
labelling procedure, and urge that care be taken to 
label the red cell aliquots evenly and with 
Na,Cr™O, of high specific radioactivity. 

Ordinarily there is no apparent necessity for 
washing the patient’s red cells prior to re-injection 
or for measuring the urinary excretion of Cr*?. 
The chief advantage of washing the red cells prior 
to injection is to obviate an initial urinary hyper- 
excretion of Cr®! which is not derived from la- 
belled red cells but from the plasma. The in- 
jection of a small amount of Cr®? unattached to 
red cells will also impair the accuracy of the ini- 
tial blood volume determinations if whole blood 
specimen radioactivity is measured, but it should 
not interfere with the assessment of splenic se- 
questering activity. 

The extensive accumulation of Cr** observed 
to occur in the spleens and livers of patients with 
hemolytic anemias necessitates a re-appraisal of 
the radiation hazard involved. The radiation dos- 
age contributed by the injection of 100 »C of Cr®* 
into a 70 Kg. subject has been estimated to be 
about 0.1 rep, with the assumption that the iso- 
tope is evenly distributed within the circulation 
and that no excretion has occurred (24). Ina 
patient with a hemolytic process in which the in- 
jected Cr** is accumulated entirely by the liver 
and spleen, with combined organ weights of 1600 
grams, the exposure to these tissues approximates 
2.0 rep. If a 100 pC dose of Cr** is accumulated 
entirely by a 200-gram spleen, the exposure to 
that organ will approximate 16.1 rep, an exces- 
sive level. Although total clearance of Cr** by the 
spleen is unlikely, it is suggested that the dose of 
Cr** employed in subjects with presumed hemo- 
lytic anemias be reduced to a maximum of 50 aC. 


Cr** in predicting the need for splenectomy 


After each injection of labelled red cells deter- 
mination of the body surface Cr*! activity by means 
of three or four appropriately spaced sets of ob- 
servations over precordium, liver, spleen and 
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thorax should suffice to establish the sites of red 
cell sequestration. For correlation with the rates 
of disappearance of Cr®!-labelled red cells from the 
peripheral blood it is desirable to perform body 
surface counts for at least half the red.cell sur- 
vival period. A suggested procedure is to make 
a set of observations 20 or 30 minutes after the in- 
jection of labelled red cells and again one day later. 
Two or three more observations of body surface 
radioactivity (for example, after an estimated 25 
per cent, 50 per cent, and 90 per cent, respectively, 
of the labelled cells have been destroyed) should 
provide the desired information. Employment of 
a uniform, geometric positioning of patients and 
of counting apparatus at the time of each observa- 
tion is, of course, essential to obtaining reproduci- 
ble data. Nevertheless, a portable counting unit 
at the bedside should be sufficiently accurate to 
determine the approximate distribution of radio- 
activity between heart, liver, and spleen. 

The in vivo determination of the site of red cell 
sequestration should prove of greatest practical 
value in predicting the need for splenectomy in ac- 
quired hemolytic anemias, wherein the greatest 
prognostic uncertainty presently exists. Inter- 
pretation of the data obtained by the methods de- 
scribed may be simplified by using a standardized 
expression such as the difference between the rela- 
tive radioactivity (expressed as a percentage of 
that over the precordium) for liver or spleen at 
the red cell half-survival time (R,,) and such 
values at zero time (R,). A simple formula may 
then be invoked as an index of red cell sequestra- 
tion as follows: 


Index of Sequestration = R,, — R, 


In 3 normal subjects, these values for the liver 
ranged from 23 to 35 and for the spleen from 38 
to 48 with average values of 27 and 43, respec- 
tively, as recorded in Table I. A tentative grading 
of the intensity of splenic sequestration on the ba- 
sis of the index of sequestration values recorded 
in Table I for the 11 anemic subjects might be as 
follows: less than 30—subnormal; 30 to 60—nor- 
mal; 60 to 100—mild to moderate; and greater 
than 100—moderate to severe. The employment 
of even such crude numerical assessments as guides 
in deciding the need for splenectomy will as- 
suredly require many case studies. However, 
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Korst, Clatanoff, and Schilling (25) have studied, 
with methods resembling ours, 3 patients with ac- 
quired hemolytic anemia, on whom splenectomies 
were later performed. In 2 of the patients high 
splenic accumulations of Cr! occurred and splen- 
ectomy was beneficial ; in 1 patient, in whom there 
was little build-up of radioactivity over the spleen, 
removal of the spleen was ineffectual. There are, 
in addition to this category of patients, other con- 
ditions sometimes characterized by splenomegaly 
(23, 26-28) in which, although splenectomy is 
usually not indicated, in individual instances re- 
moval of the spleen has benefitted the patient by 
decreasing the rate of red cell destruction (26-28). 
An unexpected example eventuated from the ob- 
servation that radioactivity accumulated in the en- 
larged spleen of a patient, Case 5, with paroxysmal 
nocturnal hemoglobinuria following injection of 
Cr®?-labelled red cells. Removal of the patient’s 
660-gram spleen produced temporarily a moderate 
diminution of the anemia, and thereafter the patient 
has required fewer transfusions to maintain a 
given hemoglobin concentration. It is likely that 
detectable instances of excessive sequestration by 
pathologic spleens will arise in a variety of disease 
states. The surprising predilection of Cr®*-labelled 
pernicious anemia red cells for sequestration by the 
spleen, observed in Case 8, may explain the thera- 
peutic value of splenectomy reported in this dis- 
ease prior to the use of liver extract (29). The 
fact that the defectively formed red cells charac- 
teristic of certain diseases of red cell underproduc- 
tion may survive poorly, and, as in the case of 
pernicious anemia, despite a calculated rate of 
hemoglobin production that was subnormal, may 
be detectably sequestered by the spleen, enjoins the 
need to characterize the fundamental balance be- 
tween red cell production and destruction in each 
case as clearly as possible. The anemia of chronic 
liver disease, for example, has been shown to be 
primarily hemolytic in most instances (14). The 
finding that all of 4 patients with the anemia of 
liver disease demonstrated mild to moderate splenic 
uptakes of Cr®*, as illustrated by Case 7, indicates 
the potential therapeutic value of splenectomy in 
such patients although only rarely is such an op- 
eration warranted. The occasional patients with 
congenital non-spherocytic hemolytic anemia who 
may benefit from splenectomy should also be iden- 
tifiable by the Cr** distribution technique. 
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SUMMARY 


The sites of deposition of Cr in the human 
body were determined by body surface counting 
following the injection into normal subjects of 
Cr**-labelled red cells, hemoglobin, and chromic 
chloride in saline. Differences characteristic of 
each were observed and served as a basis for inter- 
pretation of a study of a series of 11 patients with 
hemolytic anemias of diverse kinds. Measure- 
ments made on these patients following injection of 
Cr**-labelled autologous red cells suggested that 
progressive accumulation of Cr** in the spleen ac- 
companying the disappearance of Cr**-labelled red 
cells from the blood stream indicates active red 
cell sequestration. In determining the extent of 
this sequestration a simple expression may be em- 
ployed (index of sequestration) which deducts 
that radioactivity initially present and due simply 
to the size of the splenic vascular bed from later 
values obtained over that organ. The methods 
described should in practice constitute a simple 
clinical device for determining the need for splen- 
ectomy. In certain hemolytic anemias the short 
survival of labelled red cells in the circulation is 
accompanied by a progressive increase of radio- 
activity over the spleen and the anemia is relieved 
by splenectomy. 
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Ganglion-blockers, such as tetra-ethylammonium 
(TEA) and hexamethonium, enhance responsive- 
ness to vasoactive agents, both pressor and de- 


pressor (1). In dogs, the renal arterial bed seems 


to contribute to the change in blood pressure re- 
sponse since, after giving TEA, adrenaline causes 
a larger increase and _ isopropylnoradrenaline 
(Isuprel®) a larger decrease in renal vascular re- 
sistance than in the untreated state (2). The 


present study was undertaken with the aim of de- 
termining responsiveness to noradrenaline in hy- 
pertensive patients given hexamethonium and the 
participation in this of the renal circulation. 


PROCEDURES 


Brachial auscultatory arterial pressures and plasma 
clearances of p-aminohippurate (PAH) and mannitol 
(procedure described in Reference 3) were measured in 
successive 10-minute periods, under control and test 
conditions, in the supine position. All the patients had 
severe hypertensive disease but none of them had signs of 
congestive heart failure at the time of study. Signs of 
failure, present on admission in 3 of the patients, had 
been cleared by diet, digitalis and diuretics for at least a 
week before test. 

Four series of studies were done. In the first (I), 6 
patients, were observed as below during a 30-minute 
control period interval; they were then given noradrena- 
line by infusion at rates of 4 or 5 micrograms per minute 
over about 40 minutes, during the last 30 of which 3 
urine collections were made, the urine formed during the 
first 10 minutes having been discarded; single intrave- 
nous injections of hexamethonium were then given in 
doses sufficient to decrease diastolic pressure about 10 to 
20 mm. Hg and the effects of this observed over another 
40 minutes in the same way as had been those of noradren- 
aline ; at the end of this time noradrenaline was again in- 
fused in the same dose as before and the observations re- 
peated. Blood pressures (measured at intervals of 2 to 5 
minutes), plasma clearances and rates of urine flow 
were averaged for each of the four sets of three 10-min- 
ute urine collection periods. 


1 Present Address: Research Department, Department 
of Clinical Investigation, Ciba Pharmaceutical Products 
Inc., Summit, N. J. 


In the second series (II), 4 patients were given nor- 
adrenaline after control observations as above. In the 
third series (III), 6 patients were given hexamethonium 
after control study and, in the fourth (IV), 7 patients 
under chronic treatment with hexamethonium were given 
noradrenaline as above. 

The plasma clearance of PAH at low plasma concen- 
trations (Cpan) was taken as equivalent to renal plasma 
flow (RPF) and the plasma clearance of mannitol times 
1.1 (to allow for 10 per cent reabsorption) was taken 
as equal to glomerular filtration rate (GFR). Urine 
minute volume (V) was estimated from the excess over 
that of the 100 ml. of NaCl used to rinse the bladder. 
Renal vascular resistance (R) was calculated as Pm-5/ 
RPF, taking as Pm (mean arterial pressure) the mean of 
the averages of systolic and diastolic pressure over the re- 
spective minute interval of study. 


RESULTS 


The observations are compiled in Tables I and 
II. Table III condenses the data by listing the 
average magnitudes of these effects as ratios of 
test to control levels. 


Noradrenaline alone 


Series I and II. This caused a light increase in 
arterial pressure in 9 of the 10 patients. It in- 
creased renal vascular resistance in all, this pro- 
portionately more than it did arterial pressure. 
It elicited increases in urine flow in 7 of the 10 
tests. 


Hexamethonium alone—single injection 


Series I and III, This agent, in the widely 


_ varying doses used to elicit the desired moderate 


depressor effects, had irregular effects on renal re- 
sistance, which was increased in 3 and decreased 
in 8 of the 12 tests with no change in 1. Renal 
plasma flow was decreased to some extent in 10 
of the 12 tests ; glomerular filtration rate and urine 
flow were decreased in all. 

The association between changes in filtration 
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RENAL RESPONSES TO NORADRENALINE AFTER HEXAMETHONIUM 


TABLE I 
Effects of noradrenaline, hexamethonium and of noradrenaline in the presence of hexamethonium * 











B.P. 
mm, Hg 
225/121 
225/126 
199/115 
214/128 


211/118 
237/122 
183/104 
218/120 


213/136 
236/148 
190/129 
225/148 


194/106 
205/112 
166/96 

180/106 


185/120 
204/125 
120/85 

146/100 


185/106 


Diag. Treatment 


EHM 


RPF 


198 
188 
194 
213 


414 
365 
398 
386 


465 
336 
344 
359 


415 
353 
318 
334 


169 
142 
140 
133 


251 
201 
170 
235 





None . 
N-A 4y per min. 
Hexam. 75 mg. 
N-A 4y per min. 


None 

N-A 4y per min. 
Hexam. 50 mg. 
N-A 4y per min. 


SRO wDRWN] < 


None 

N-A 4y per min. 
Hexam. 5 mg. 
N-A 4y per min. 


None 

N-A 4y per min. 
Hexam. 10 mg. 
N-A 4y per min. 


mn 


None 

N-A 5y per min. 
Hexam. 15 mg. 
N-A 5y per min. 


mn 


None 

N-A 5y per min. 
Hexam. 16 mg. 
N-A Sy per min. 


NODAL SONN SOF FH ae FYI CONE 


PROM WHA BUDAS UAww WwW 


182/120 





* Renal effects of noradrenaline infusion (N-A) and hexamethonium administration (Hexam.) and of noradrenaline 
infusion after hexamethonium as measured from renal plasma flow (RPF = plasma clearance of PAH), and glomerular 
filtration rate both in ml. per min. per 1.73 sq. m. of body surface (GFR = plasma mannitol clearance times 1.1), filtration 
fraction (FF = GFR/REF ) and averages of arterial pressure (Pm = systolic + diastolic/2), renal vascular resistance 
(R = Pm-5/Cpan), and urine volume, ml. per min. (vy in 6 patients with severe (S) or malignant (M) essential hyper- 
tension (EH). 

t Estimated maximum of urine flow during oliguria. 


rate and urine flow in these experiments is shown 
.in Figure 1A. This shows that, during the 40 to 
50-minute interval after a single injection of hexa- 
methonium, the antidiuresis which occurred was 
consistently associated with decreased glomerular 
filtration. With one exception, the changes in 
urine flow occurred in rough proportion to changes 
in filtration rate and small decreases in filtration 
elicited large decreases in urine flow. The effects 
resemble those described in previous reports (4-7). 


Pressor effect of noradrenaline during the action 
of hexamethonium (a) 


Series I. Single injections of hexamethonium 
decreased average blood pressure by about 20 per 
cent. Subsequent infusion of noradrenaline at 
rates of 4 and 5 micrograms per minute caused 
consistent rises of blood pressure which averaged 
about 20 per cent above the post-hexamethonium 
level. Thus, the absolute levels of pressure at- 


tained during these infusions of noradrenaline 
were about the same as existed during the pre- 
hexamethonium noradrenaline infusions, but the 
mm. Hg rise of pressure was much greater. 
Series IV. Patients under chronic treatment 
with hexamethonium also showed increased pres- 


sor responsiveness. The mean increase of pres- 
sure average in this series was about 30 per cent. 
Since preinfusion pressure levels of many of these 
patients were already high, the levels reached dur- 
ing noradrenaline infusion were sometimes very 
high and greatly exceeded those reached in pa- 
tients who had been given only single doses of 
hexamethonium, 


Renal effects of noradrenaline during the action of 
hexamethonium 


Series I and IV. Noradrenaline had like renal 
effects in both hexamethonium-treated series. 
The average of the changes in renal vascular re- 
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sistance indicates an increase; the response of this 
function, unlike that of blood pressure, was not 
augmented by hexamethonium. Rather, the re- 
sponses were unexpectedly variable, with no sig- 
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nificant changes in renal resistance in 3 of the 6 
patients given single injections of hexamethonium 
and in 2 of the 7 under chronic treatment. These 
variable responses of renal resistance to nor- 


TABLE II 


Effects of noradrenaline and hexamethonium in hypertensive patients and noradrenaline in patients 
under chronic treatment with hexamethonium * 








Diag. GFR FF 


B.P. R 





A. Noradrenaline 





25 
.29 


.28 
30 


.23 
27 


22 
22 


224/134 
248/135 


189/115 
192/110 


200/115 
212/124 


190/122 
216/140 


N-A 5y per min. 


Con 0 


N-A 5y per min. 


N-A 4y per min. 


SS 2 PY Ps 


amo le 


N-A 5u per min. 





B. Hexamethonium 





81 30 27 
71 21 .30 


96 31 32 
104 23 22 


176 62 35 
138 35 25 


324 72 22 
330 65 20 


312 82 .26 
322 76 24 


234 50 .22 
174 32 18 


224/134 
158/196 


205/120 
188/144 1.40 


210/136 1.00 
200/138 0.88 


230/120 51 
160/97 38 


200/144 53 
168/130 44 


185/115 62 
137/90 -62 


= WG 


Hexam. 26 mg. 


le 


Aw AN NWSE AA Wo HA 


Hexam. 20 mg. 


on 


Hexam. 13 mg. 


oF of 


Hexam. 13 mg. 


Hexam. 36 mg. 


SP --. ar 


Hexam. 28 mg. 





C. Noradrenaline during chronic hexamethonium treatment 





EHM 109 33 30 
91 30 33 


EHM 159 43 .27 
159 50 31 


EHM 293 62 .21 
324 75 .23 


EHM 240 67 .28 
270 73 .27 


EHM 263 46 .28 
167 48 29 


EHS 363 99 27 
369 119 32 


EHM 259 43 17 
244 55 .23 


196/120 
260/147 


200/140 
278/170 


185/106 
250/135 


210/140 
232/146 


194/128 
216/137 


174/118 
230/134 


158/110 
264/153 


a~ 


N-A 4y per min. 


_ 


N-A 5u per min. 
N-A 5y per min. 
N-A 5y per min. 


N-A 4y per min. 


SS 2H AD WHE BP 


ve 
SS YN OM MM wo Bu pw 


N-S 4.6 per min. 


— 
“I oo 


N-A 4y per min. 





* Conventions as in Table I. 
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TABLE III 


Summary of observations * 








A. Noradrenaline, 10 cases 


B. Hexamethonium, 12 cases 








RPF GFR R 


Pm RPF GFR R 





.88 
-7-1.0 


1.25 
1.1-1.5 


91 
.8-1.0 


1.39 
7-2.9 


85 84 77 93 
7-9 6-1.1 .6-.93 .8-1.2 





Noradrenaline after Hexamethonium 





C. Recent injection, 6 cases 


D. Chronic treatment, 7 cases 








Pm RPF GFR R Vv 


Pm RPF GFR R Vv 





1,19 
1.1-1.4 


Mean 1.08 1.09 1.11 0 
Range 2. 


2. 
9-14 10-12 1.0-1.3 1.2- 


6 1.1-1.6 


1.29 1.13 1.30 


9-1.3 1.0-1.7 


1.00 


4.3 
-8-1.1 1.0-1.3 





* Means of ratios of functions listed as Tables I and II. 


Ratios: (A) noradrenaline to control data and (B) hexa- 


methonium to control data; (C) noradrenaline to status elicited by a single injection of hexamethonium and (D) to that 


existing during chronic hexamethonium treatment. 


adrenaline infusion in the face of consistent, aug- 
mented increases of arterial pressure resulted from 
the varied changes in Cpan, which was increased 
in 6 of the 13 tests, viz., in 4 instances of series I 
and 2 of series IV. 

Glomerular filtration was increased by nor- 
adrenaline infusion in 7 of the 13 tests, on the 
average by about 10 per cent. Urine flow in- 
creased in 10 of these tests. 


Noradrenaline diuresis 


The diuretic effect of noradrenaline (Figure 
1B) had no relation to pre-treatment with hexa- 
methonium. Urine flows increased in patients 


A. HEXAMETHONIUM 


ane 
GF a 








RATIOS 
oF 1.29 


whose filtration rates were not altered by nor- 
adrenaline infusion and in those whose filtration 
rates were somewhat increased. Small increases 
in urine flow were also observed in 3 patients 
whose rates of glomerular filtration were depressed 
during noradrenaline infusion by about 10 per 
cent, but in another 3 whose glomerular filtration 
rates were decreased 10 per cent or more, urine 
flow was also depressed. 


DISCUSSION 


Enhancement of pressor responsiveness to nor- 
adrenaline after treatment with hexamethonium is 
an instance of the general increased responsiveness 


8B. NORADRENALINE 


X—0(13) 
x» (8.4) 








RATIOS OF URINE VOLUME 


Fic. 1. 


OrpDINATES: RATIOS OF GLOMERULAR FILTRATION Rates (GFR) 1n Con- 


TROL AS COMPARED WITH TEST PERIopS. ABSCISSAE: RATIOS OF AVERAGE URINE VoL- 


UME IN ConTROL/TEST PERIODS 


A. Control: No treatment; tests, single injections of hexamethonium. B. Control: 
No pre-treatment (open circles), after single injections of hexamethonium (crosses) 
or during chronic treatment with hexamethonium (x’s): tests were infusion of nor- 


adrenaline. 
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of blood pressure to vasoactive agents which is 
elicited by ganglion-blocking drugs (1). If it is 
assumed that the vasomotor center cannot homeo- 
statically moderate changes in arterial pressure by 
reciprocal adjustments of vasomotor tone, this is 
a predictable response. 

The increase in responsiveness to noradrenaline 
is greater, both ir mm. Hg pressure rise and in the 
final levels reached, in patients under chronic 
treatment than in those given only single injections 
of hexamethonium. This may be only a dosage 
effect, since it can be presumed that the effective 
body store of ganglion-blocker is greater in pa- 
tients under continuous chronic treatment than 
in those given only single, moderately depressor 
doses. Alternatively, the difference may depend 
on the state of the arterial tree in these two groups 
of patients; in those given single injections, there 
is abrupt partial loss of vasomotor tone with re- 
sultant vasodilation, while most of the patients 
under chronic treatment had presumably regained 
their vasoconstricted state with the return of su- 
pine blood pressure to hypertensive levels. The 
difference in this case would result from the 
greater changes in peripheral resistance and blood 
pressure which should be elicited by equal degrees 
of vasoconstriction in a vasodilated as compared 
with a vasoconstricted vascular bed. Whatever 
the mechanism, the experiments confirm the sug- 
gestion (8) that doses of pressor agents which are 
only slightly effective under normal conditions may 
be severely pressor in patients under treatment 
with ganglion-blockers. Altered responsiveness 
doubtless also accounts for the decreased depressor 
activity of hexamethonium in patients given small 
(2 micrograms per minute) infusions of noradren- 
aline (9). 

In dogs given TEAC, increased pressor respon- 
siveness to noradrenaline is associated with in- 
creased renal vasoconstriction ; this is not the case 
in patients given noradrenaline after pre-treat- 
ment with hexamethonium. Rather, such patients 
sustain variable effects of noradrenaline on renal 
plasma flow; prior to administration of the gang- 
lion-blocker, noradrenaline consistently elicits re- 
nal vasoconstriction with little change in arterial 
pressure; after hexamethonium has been given, 
noradrenaline has irregular effects on renal plasma 
flow and fails to elicit increases in renal vascular 
resistance in a third of the tests, although blood 
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pressures are consistently and sometimes severely 
increased. 

The nature of this seeming failure of the renal 
vascular bed to participate in a pressor response 
attributable primarily to vasoconstriction is not 
clear. One consideration is that vascular disease 
may impair the ‘autonomy of the renal circulation’ 
of some patients with hypertensive disease. Such 
impairment would account for the renal bed some- 
times responding as a passive system as it may 
during hypotension caused by spinal anesthesia 
(10) or, as in these experiments, during abrupt, 
large rises of blood pressure. Such passive re- 
sponses are observed even in normal animals, such 
as in dogs brought into hypotension by bleeding, 
in which noradrenaline in amounts which return 
blood pressure to normal does not elicit consistent 
increases in renal vascular resistance (11). 

Finally, the data indicate that noradrenaline- 
induced increases of urine flow are not propor- 
tionate to concurrent changes in filtration rate, 
except as the diuretic response is impaired or re- 
versed by decreased rates of glomerular filtration ; 
noradrenaline diuresis is not affected by hexa- 
methonium. 


SUMMARY AND CONCLUSION 


1. The pressor effect of infused noradrenaline 
is enhanced in hypertensive patients given single 
injection or under chronic treatment with hexa- 
methonium. 

2. The renal vascular bed in hypertension in 
man does not regularly participate by increased 
vasoconstriction in this enhanced pressor response. 

3. The oliguria which appears during the hour 
after a single intravenous injection of hexamethon- 
ium is associated with decreased glomerular fil- 
tration. 

4. The increase in urine flow which usually oc- 
curs during infusions of noradrenaline is not af- 
fected by treatment with hexamethonium and 
shows no quantitative association with glomerular 
filtration except as it is impaired or reversed by 
decreased glomerular filtration. 


Addendum 


Since this manuscript was submitted, our attention has 
been drawn to the paper on “Reactivity to Pressor 
Agents in Hypertension” (Circulation, 1955, 12, 974) by 
A. E. Doyle and H. Black, in which they show that hy- 
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pertensive patients yield larger pressor responses to angi- 
otonin, S-methyl iso-thiourea and noradrenaline after 
hexamethonium than before and also larger increases in 
these responses than those in normotensive patients simi- 
larly tested. 
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Abnormal thyroid function profoundly alters 
calcium metabolism. In 1929, Aub, Bauer, Heath, 
and Ropes (1) demonstrated in patients on con- 
stant low calcium diets that urinary and fecal ex- 
cretion of calcium and phosphorus is frequently 
increased in hyperthyroidism and lower than nor- 
mal in myxedema. These changes could not be 
ascribed to elevation of metabolism per se (1) 
acidosis (2) or vitamin D deficiency (3); they 
were observed even in the absence of the para- 
thyroid glands (4, 5). In addition, roentgeno- 
graphic evidence of skeletal demineralization has 
been described in patients with thyrotoxicosis (6). 

The conventional balance techniques which have 
been used in the study of calcium metabolism in 
thyroid disease measure only net effects: they do 
not measure the processes of deposition and re- 
sorption of calcium. An indication of the skeletal 
turnover of calcium, however, can be obtained 
from serial observations of the specific activity of 
radioactive calcium (Ca**) in blood and urine 
after intravenous injection (7, 8). 

The present study was designed to define the 
alterations in calcium metabolism in thyroid dis- 
ease in man by using Ca*® and the technique of 
isotope dilution. Observations have been made in 
euthyroid, hyperthyroid, and myxedematous sub- 
jects, and, for purposes of comparison, in addi- 
tional euthyroid patients with Paget’s disease and 
with hypoparathyroidism. 


MATERIALS AND METHODS 


All patients (Table I) were on the metabolic ward 
and were ambulatory throughout the study. Diets, 
which were constant and of neutral ash, contained from 
0.08 to 0.23 grams of calcium per day (Table II). In 
order to avoid tetany, the two hypoparathyroid subjects 
were given 0.31 and 0.57 grams, respectively, of calcium 


1 Aided by grants AT (30-1) 667 and AT (30-1) 1755 
from the Atomic Energy Commission and A(446)C from 
the United States Public Health Service. 


in their diets per day. Fluid intake was maintained at 
2,000 to 2,500 ml. per day. Complete collections of urine 
and stool were begun after six days on the fixed diet. A 
three-day control collection of urine and feces was ob- 
tained prior to the administration of Ca. 

The stock solution of Ca“Cl,? was acidified with con- 
centrated HCl, added to 0.9 per cent NaCl solution to 
give a final concentration of approximately 0.5 wc per ml. 
saline at a pH of 6, and autoclaved. Five to seven mi- 
crocuries were injected from a calibrated syringe into 
an antecubital vein one hour before breakfast. Blood 
samples were obtained by venipuncture from the op- 
posite arm at frequent intervals. Fractional urine col- 
lections were made for the first three days following in- 
jection, and daily thereafter. Stool collections were made 


TABLE I 
Clinical data 





Diagnosis 





Coronary heart disease ; hyperurice- 
mia (A.S.H.D. ha 
Friedreich's ataxia (Fr.A.) 
— (diffuse a (Thyr- 
tox 
Euthyroid, hypoparathyroid, 1 yr. 
following cecatiekene (Hypo- 
parathyr. after Rx.) 
Hyperthyroid (diffuse goiter) (Thyr- 
tox. 
(2) Early myxedema (4 months follow- 
ing thyroidectomy) (Myx. after 


Rx.) 
nen a (diffuse goiter) (Thyr- 


Gd. 

J.B. 

W. W. (1) 
(2) 4 


tox.) 

— (diffuse goiter) (Thyr- 
tox. 

Myxedema (Myx.) 

Euthyroid (4 months on treatment) 
(Normal after Rx.) 

Myxedema (Myx.) 

Euthyroid (5 months on treatment) 
(Normal after Rx.) 

Paget's disease of bone (Osteitis De- 
formans) (Paget's dis.) 

Paget's disease of bone (Osteitis De- 
formans) (Paget’s dis.) 

Hypoparathyroid, 4 years following 
thyroidectomy (Hypoparathyr.) 


B. M. (1) 
(2) 
A. W. 


O. H. 
E.N. 





* Abbreviations to be used in all tables. 


2 Obtained from Oak Ridge. Ca“ has only a beta ray 
(M.E.V.= 0.26) and a half-life of 152 days. 
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in three-day periods. An aliquot of the solution used 
for injection was taken for the standard. The amount 
of stable calcium (Ca“) included in each injection ranged 
from 1 to6mgm. After giving the Ca®, collections were 
made for times ranging from 9 to 22 days for the various 
patients. If a previous study had been done, control col- 
lections were assayed for radioactivity prior to the ad- 
ministration of the second tracer of Ca®. 

Stable calcium (Ca“) was determined by the method of 
Fiske and Logan (9). The results of analysis of dupli- 
cate samples agreed within +3 per cent of the mean. 
Phosphorus * was determined by the method of Fiske and 
Subbarrow (10) and nitrogen according to the macro- 
method of Kjeldahl. Aliquots of urine (200 ml.) were 
acidified with 4 ml. of concentrated HCl. The 3-day 
stool collections (obtained without a marker) were mixed 
in a Waring Blendor, and made up to volume with dis- 
tilled water. For calcium and phosphorus analyses, du- 
plicate 200-ml. aliquots of the blended and diluted fecal 
samples were dried for 2 to 3 days in a steam oven and 
then ashed in an electric muffle furnace at 550° C. over- 
night. The ash was dissolved in concentrated HCl and 
distilled water. Nitrogen analyses of the feces were per- 
formed directly on unashed aliquots of the blended and 
diluted fecal samples. 

Ca“ was determined as follows: * 4 ml. of trichloracetic 
acid (20 per cent) and 8 ml. of distilled water were 
added to 2.4 ml. of serum, the sample centrifuged, and 
the Ca* determination performed on the supernatant. 
Complete recovery of Ca“ added to human serum in vitro 
was achieved. Analyses of Ca“ in urine and feces were 
made on acidified specimens which had been dried and 
ashed, and the ash dissolved in HCI and distilled water. 
After analysis for the stable calcium of the sample, stable 
calcium was added as CaCl, to give a final concentration 
of 6.0 mgm. per sample in all specimens. From a self-ab- 
sorption curve this concentration was found to be optimal 
for sensitivity and reproducibility of sample measure- 
ments. Calcium was then precipitated as calcium oxa- 
late by the addition of saturated ammonium oxalate solu- 
tion. The solution was made alkaline by the addition of 
dilute ammonium hydroxide and then adjusted to a pH 
of 5.4 with 2.5 per cent oxalic acid, using an alcoholic 
solution of methyl red as indicator. After adding Triton 
X-1005 (0.1 per cent) as a detergent, the samples were 
filtered over sintered glass on filter paper discs, 24 mm. 
diameter (Schleicher and Schuell No. 576), which were 
cemented to copper discs with polystyrene coil dope. 

The discs from initial studies were assayed for Ca“ un- 
der a thin (< 1.9 mgm. per cm.?) mica end-window G.M. 
tube connected to an automatic sample changer (Tracer- 
lab). In later studies, a gas-flow counter was used which 


3 The authors are indebted to the hospital chemistry 
laboratory under Dr. Charles Dutoit and Miss G. Mar- 
garet Rourke for the phosphorus and nitrogen analyses. 

4 This method was developed by Dr. C. J. Maletskos of 
the Massachusetts Institute of Technology. 

5 Obtained from Rohm and Haas Co., Philadelphia 5, 
Pennsylvania. 
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increased sensitivity from 250,000 to 500,000 counts per 
minute per microcurie. Each of the duplicate samples 
was measured three times to an accumulation of 4,096 
counts. The standard was assayed with each run. The 
maximum variation in accumulated counts of duplicate 
samples was + 6 per cent of the mean. The usual varia- 
tion was +3 per cent. Recorded radioactivity of the 
samples was at least twice background. 

The data for Ca“ are expressed as per cent adminis- 
tered dose. Specific activity, as per cent of administered 
dose of labeled calcium per gram of calcium, was calcu- 
lated for each sample.® 


METHODS OF ANALYSIS 


Inspection of the semi-logarithmic plot of specific ac- 
tivities in urine and serum against time suggested that 
the curves could be resolved into a series of three or 
possibly more decreasing exponential functions. This 
was of interest because of the possibility that each func- 
tion represented a discrete calcium compartment within 
the body. The data were treated with this assumption 
in view. 

Analysis of exponents: The method of curve analysis 
is illustrated in Figure 1 where serum and urine specific 
activities of an hyperthyroid subject are plotted against 
time in days. Serum specific activities are plotted for 
the first day. Since the radioactivity of many serum 
samples was low by 24 hours following the administra- 
tion of Ca®, urine specific activities are plotted from the 
second day onward. The data of all subjects have been 
treated in an identical manner. In Figure 1 (A) are 
plotted the observed specific activities from 0 to 9 days. 
The data from 1.25 to 8.5 days appeared to follow a 
single exponential function. By the method of least 
squares a fit of this range of the data to the function 
A;e~*st yielded the solid line of Figure 1 (A) (A, is 
specific activity extrapolated to zero time, k, is the rate 
constant in fraction per day, and t is time in days). 
When this function was subtracted from the observed 
data, the values in Figure 1 (B) were derived. An 
analysis by least squares of the data between 0.13 
and 0.67 days yielded the solid line in Figure 1 (B). 
When this line of slope k, was extrapolated to zero time, 
the specific activity value ef A, was obtained. This line 
subtracted from the remaining data of Figure 1 (B) 
yielded the points in Figure 1 (C). The solid line in 
Figure 1 (C) is the least squares fit of those data with 
slope k,, and when extrapolated to zero time gives A,. 
Thus, the data are analyzed in the form: 


Specific activity = Aye“#t + Ase*t + Aze~kt, 
Compartments: The size of each “compartment” (Q) 


was obtained by dividing 100 per cent (the quantity of 
labeled calcium at zero time) by the extrapolated specific 


6 The term “labeled calcium” refers to that quantity 
of calcium which was initially given to the patient as a 
tracer dose marked with radioactive calcium. This 
quantity is independent of radioactive decay. 
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Note the different time scale for (A), (B) and (C). 
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(hyperthyroid) are used as examples. 
The specific activity values on 
The solid line in (A) has the 


slope k, which extrapolated to zero time yields A,; the solid line in (B) has the slope 


k, and intercept A,; the solid line in (C) has the slope k, and intercept A,. 


ther explanation, see the text. 


activity value (A) for each function. For the third com- 


partment (Q,) this equals We, for the second (Q,), 
100% 


was for the first (Q,), po yey 
sis is rigorously correct only when the size of the com- 
partments (Q) increases and the flow (kQ) decreases 
from one to the next compartment. 

Calcium “pool”: If specific activity 


( om % administered dose =") 


gram Ca“ 
is known at time t, and the quantity retained in the body 
(100 per cent of administered Ca“ minus per cent ex- 


This analy- 





For fur- 


creted) is known, the per cent retained at time t divided 
by the specific activity at time t is the calcium “pool” at 
time t. The concept of a calcium “pool” makes no as- 
sumption based on the shape of the curves, but reflects the 
fact that a lower specific activity at any time means a 
larger mass of dilution. Calcium “pool” curves were de- 
rived from the ratio between the curve of labeled calcium 
retention and the specific activity curve for the various 
patients. 

The analysis of calcium metabolism presented here 
assumes that the calcium is first present in a small com- 
partment with a rapid flow to and from a larger second 
compartment. This flow accounts for the initial rapid 
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Fic. 2. Semi-LoGariIrHMic Piotr or Speciric Activiry Versus TIME FOR THE DATA 
FROM CONTROL SuBjEcT R. P. with Coronary Heart DISEASE 


In this figure and Figures 3 to 5 the serum specific activity values for the first 30 


minutes are not plotted. 


decline in the specific activity curve. The analysis con- 
tinues in the same manner into a third and, in some cases, 
a fourth compartment. The basic assumption of equal 
specific activities after equilibrium can be made in an 
open system (1.e., a system involving excretion of the 
substance) only when the amount being excreted is small 
compared to the other routes of flow to and from the 
compartments being studied. The data appear to vali- 
date these assumptions over the time interval studied. 
However, at longer times, the specific activity of the 
urine and blood may diverge markedly from that of the 
bone compartments because the flow from the large bone 
compartments may be small compared to the ingestion 
and excretion of unlabeled calcium. 


RESULTS 
Ca* data 


The concentration of labeled calcium in the se- 
rum declined rapidly following injection and could 
not be measured in most patients in the sample 
taken seven days after administration of the radio- 
active calcium. Within the first hour after injec- 
tion, Ca*® appeared in the urine. Urine radio- 


activity was readily measurable throughout the 
period of study (9 to 21 days). There was no cor- 
relation between the total labeled calcium and the 
total stable calcium excreted over a 9-day period 
of observation (Table ITI). 

Urine and serum specific activities yielded 
curves of characteristic form when plotted against 
time on semi-logarithmic paper (Figures 2-5). 
The specific activity of calcium in the serum was in 
all cases the same as that of the urine collection 
corresponding to the serum sample. Fecal specific 
activity was almost always less than that of the 
urine or serum sample in the midpoint of the col- 
lection period and fell off at a rate similar to that 
of urine. 

In Figure 2 are plotted the data of a control sub- 
ject (R. P.). An initial rapid fall in specific ac- 
tivity of blood and urine was followed by a slower, 
linear decline from the second to the eighteenth 
day after administration of Ca**. In contrast, the 
curve of specific activity of the hyperthyroid sub- 
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ject (F. W., Figure 3) showed a more rapid fall 
to lower levels. In the subject with myxedema 
(W. W., Figure 4) there was a very slow fall in 
specific activity following the rapid initial decline. 
In subject A. W. (Figure 5) with Paget’s disease, 
the drop in specific activity was very fast for the 
first eight days. The curve declined more slowly 
during the remaining 14-day period of observation. 

Values for coefficients, rate constants and their 
standard deviations appear in Table IV. Differ- 
ences among patients were most marked in the 
third slope which appeared by the second day. 
The small standard deviation of the slope and in- 
tercept of this function derived by least squares 
supports the supposition that the data are expo- 
nential in nature. In the two control patients 
(R. P. and Wa. W.) this slope was 0.081 per day, 
and 0.164 per day, respectively. Blau, Spencer, 
Swernov, and Laszlo (11) studied two patients 
without bone disease with radiocalcium in whom 
the slope of the function corresponding to k, was 
calculated to be 0.092 per day. In the hyperthy- 


S. M. KRANE, G. L. BROWNELL, J. B. STANBURY, AND H. CORRIGAN 


roid subjects, k, ranged from 0.215 to 0.288 per 
day. When one of the thyrotoxic subjects was re- 
studied four months after thyroidectomy, this third 
slope had decreased to 0.150 per day. In two fe- 
male patients with myxedema of several years’ 
duration, these values were 0.063 and 0.072 per 
day. Then metabolic rates were returned to nor- 
mal with desiccated thyroid. Five months later, 
the values for k, were found to have risen to 0.150 
and 0.174, respectively. 

Dimensions of the various compartments also 
appear in Table IV. The size of all compartments, 
especially the third, was greatest in the hyperthy- 
roid subjects and those with Paget’s disease. Com- 
partments were smallest in the subjects with un- 
treated myxedema and in subject E. N. with hypo- 
parathyroidism. 

The values for the calcium “pool” at nine days 
after administration of Ca*® are in Table III. Hy- 
perthyroid subjects and those with Paget’s disease 
had the largest “pools”. These ranged from 47 to 
333 grams. The myxedematous subjects and the 
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Fic. 3. Semi-LoGArirHMic Prior or Speciric Activiry Versus TIME FOR 
Supyect F. W.a) with HypEerTHYROIDISM 


Observations were made for nine days following the administration of Ca®. 
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Fic. 4. Semi-LocarirHmic Pitot or Speciric Activity Versus TIME FOR THE DATA 
FROM SuBJECT W. W.a) WITH MYXEDEMA BEFORE TREATMENT 


patient with long-standing . hypoparathyroidism 
had the smallest, 5.1, 5.0, and 4.4 grams, respec- 


tively. After treatment of the myxedema, the 
calcium “pool” rose to 13 and 18 grams. The 
rapidity and extent to which labeled calcium en- 
ters body calcium spaces in hyperthyroid, euthy- 
roid, and myxedematous subjects is illustrated in 
the calcium “pool” curves of Figure 6. 


Balance data 


Metabolic balance data for calcium, phosphorus, 
and nitrogen are given in Table II. Two of the 
four hyperthyroid patients (F. W. and J. B.) were 
in a distinctly more negative calcium and phos- 
phorus balance than is normal for a low calcium 
intake. Both had high levels of calcium in the 
feces as well as in the urine. Both had elevated 
urinary excretion of nitrogen, but their intakes 
were high in nitrogen and calories. They re- 
mained almost in nitrogen equilibrium and main- 
tained their body weight. The other two hyper- 
thyroid subjects, both female, had normal urinary 
calcium values and were in only slightly negative 


calcium balance.*?’ Alkaline phosphatase values in 
the serum were significantly elevated in patient 
F. W.,,), but there was no clinical evidence of liver 
disease, and there was no retention of bromsulpha- 
lein in the serum. 

Urinary calcium excretion was low in both 
women with myxedema of long standing (B. M.,,) 
and W. W.,)). The amount of calcium in the 
feces was normal. These subjects were in slightly 
negative calcium balance. Both were restudied 
five months after treatment with desiccated thy- 
roid. Urinary calcium excretion had increased 
almost threefold, and total calcium excretion ap- 
proximately doubled. The concentration of cal- 
cium and phosphorus in the serum was normal be- 
fore and after treatment. 

Subject L. S. went from negative calcium bal- 
ance when she was hyperthyroid to positive bal- 
ance five months after thyroidectomy, when signs 
of early myxedema were present. Urinary cal- 
cium, which had been 0.13 gm. per day when she 


7 Normal subjects are in slightly negative calcium bal- 
ance on a low calcium intake (12). 
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was hyperthyroid, averaged 0.02 gm. per day in 
the myxedematous state. 

Patient E. N. with untreated surgical hypopara- 
thyroidism of four years’ duration had low urinary 
calcium levels. Fecal calcium values were high, 
presumably because during the period of study she 
continued to take eight enteric coated aspirin tab- 
lets per day. These were found subsequently to 
contain a total of 0.254 gm. calcium. It is possible 
that this calcium was not available for absorption. 
Patient F. W., the hyperthyroid subject who dem- 
onstrated the most marked calcium losses, be- 
came parathyroid following thyroid surgery. Al- 
though euthyroid when studied one year later, 
he still had evidence of parathyroid underactivity. 
He was in positive calcium balance of considerable 
degree at this time. 


DISCUSSION 


The nature of the processes governing uptake 
by the skeleton of labeled calcium and phosphorus 
has been studied by microradioautography and 
comparative x-ray photography. Engfeldt, Eng- 
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strom, and Zetterstrom (13) have shown that P*? 
is deposited in cortical bone in discrete locations 
corresponding to individual Haversian systems. 
Radioactivity was most intense in those osteons of 
least density by x-ray and therefore of most re- 
cent origin. In similar studies employing Ca**, 
Lacroix (14) also demonstrated that radioactivity 
is detected in compact bone only where osteogene- 
sis is taking place, i.e., in the absorption cavities 
which are being filled by concentric lamellae of 
new bone. Lacroix (14) also demonstrated that 
in this regard cancellous bone behaves like com- 
pact bone. In addition, there is evidence that in 
vitro ion exchange and recrystallization processes 
occur to a greater extent in bone crystals from 
areas of recent origin than in older established 
bone (15). 

The present study provides further information 
on the mobility and deposition of the calcium stores 
of the body as disclosed by observations on the 
progressive dilution of administered labeled cal- 
cium into the calcium compartments. Mixing in 
the first compartment (Q,) of dilution accounts 
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It is apparent that Ca“ in the hyperthyroid subjects exchanges with a larger quantity of 


calcium and more rapidly than normal. 


for the initial rapid fall in serum specific activity 
of labeled calcium after intravenous administration. 
In view of the small size of this compartment and 
its high rate constant it probably represents extra- 
cellular fluid. In suppert of this assumption is the 
close agreement of the calculated values of calcium 
content of the extracellular fluid and those obtained 
from analysis of the curve of isotope dilution 
(Table IV). An insufficient number of blood 
samples were drawn in the first 30 minutes after 
injection of labeled calcium to distinguish be- 
tween serum and interstitial fluid distribution. 
The second and third compartments reflect re- 
versible processes. Flow rates from the first to the 
second (k,Q,) and from the second to the third 
(k, [Q, + Q.]) are of too great a magnitude to 
be explained by an irreversible skeletal deposition 
of calcium salts, but are in keeping with ion ex- 


change at the surface of bone crystals and equili- 
bration of surface ions with those in the crystal 
interior, i.e., recrystallization (15). Formation 
of new bone crystals incorporating the labeled cal- 
cium is consistent with flow (k, [Q, + Q, + Qs]) 
from the third compartment. Whatever their ex- 
act significance, the compartments and flow rates 
observed were sensitive to varying levels of thy- 
roid gland function. 

In all patients studied the exchange between 
the calcium in the extracellular fluid and that in 
bone was very rapid. Nevertheless, the concen- 
tration of stable calcium in the blood (and extra- 
cellular fluid) remained quite constant. The quan- 
tity of calcium exchanged was far greater than the 
net quantity of calcium transferred from the bone 
to the extracellular fluid. In those subjects in 
negative balance, the net calcium lost (excreted) 
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from the extracellular fluid was then rapidly re- 
placed from the larger bone pools. This suggests 
part of the mechanism whereby serum levels can 
be maintained and controlled. 

In all four hyperthyroid subjects the size of the 
calcium compartments and the rates of flow from 
these compartments were distinctly greater than 
in the euthyroid controls. This indicates increased 
osteogenesis. Calculation of the rate of calcium 
“accretion” from the data obtained in the present 
study by the method of Bauer, Carlsson, and 
Lindquist (16) supports this concept. Since these 
patients were in negative calcium balance on a 
low calcium intake, bone destruction as well as 
bone formation was proceeding at an increased 
rate. In myxedema, there was a slower rate of 
these processes. When myxedema was treated, 
the rate of fall of specific activity and the size of 
the compartments increased. 

In hyperthyroidism, excessive destruction of 
bone may be the primary event. In addition, un- 
der the conditions of the present study, there may 
have been increased bone resorption in response 
to the low dietary intake of calcium. However, 
the weakened bones were able to respond with an 


increase in osteoblastic activity followed by depo- 
sition of mineral. This is what is pictured to oc- 


cur in “osteitis fibrosa.” Askanazy and Rutis- 
hauser (17) and, later, Follis (18) reported mi- 
croscopic evidence of bone destruction in patients 
dying with hyperthyroidism. In Follis’ series of 
20 patients, osteitis fibrosa was found in the verte- 
bral bodies of all, whereas osteoporosis was ob- 
served only in four subjects. These findings are 
thus not compatible with the concept that the pri- 
mary bone disease of thyrotoxicosis is osteoporosis, 
defined as decreased bone formation from a failure 
of matrix formation, with bone destruction pro- 
ceeding at a normal rate (19). The elevated con- 
centration of alkaline phosphatase in the serum of 
patient F. W. when thyrotoxic also supports the 
concept of increased bone formation and is con- 
sistent with reported observations in other hyper- 
thyroid patients (20) and the finding of increased 
bone phosphatase in animals given excessive doses 
of thyroid (21). 

It is possible that nutritional or other factors 
may adversely affect bone formation in other pa- 
tients with hyperthyroidism. All in the present 
study were adults. Those females with abnormal 


885 


thyroid function were pre-menopausal. Age may 
have been a factor in that the younger individuals 
studied here conceivably had a greater capacity to 
respond with an increase in osteogenesis. The 
two hyperthyroid subjects, F. W. and J. B., who 
were in the most negative calcium balance, were 
nearly in nitrogen equilibrium. This fact is con- 
trary to the view that the hypercalcuria of hyper- 
thyroidism is directly related to nitrogen losses 
(22). 

The turnover of calcium in the bones may be 
related to blood flow. For this reason, two pa- 
tients with Paget’s disease of bone were studied. 
Often in osteitis deformans there is an increase in 
cardiac output and bone blood flow (23). The 
increase in vascularity could involve a greater ex- 
posure of bone crystals to Ca*® in circulating fluids 
and thereby increase the exchangeable surface. 
Both patients demonstrated an increased skeletal 
turnover of calcium. Both had extensive disease 
and elevation of the serum concentration of alka- 
line phosphatase. Increase in the vascularity of 
the skeleton in hyperthyroidism could influence 
skeletal uptake in the same direction, whereas de- 
creased vascularity could have the opposite effect 
in myxedema. Blood flow in other organs is 
known to be decreased in myxedema (24). 

Relief of the hypothyroid state was followed by 
a decreased turnover of skeletal calcium. Patient 
F. W., who demonstrated marked calcium losses 
and rapid turnover of skeletal calcium when hy- 
perthyroid, still showed a rapid fall in specific ac- 
tivity one year after thyroidectomy, when euthy- 
roid but hypoparathyroid. At the time of the sec- 
ond study, the size of the calcium compartments 
was much smaller and the calcium “pool” at nine 
days considerably decreased compared to the ini- 
tial study. Nevertheless, the values were higher 
than expected by comparison to other subjects 
studied. It is possible that this patient had not 
remineralized his bones completely at the time of 
the second study. 

Similarly, the hyperthyroid subject, L. S., re- 
studied when myxedematous four months after 
thyroidectomy, showed a decrease by a factor of 
two in rates of flow of calcium in and out of the 
osseous compartments, but the values were then 
about the same as the euthyroid controls. At the 
same time, urinary and fecal calcium excretion 
were reduced by a factor of four. This implies 
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that after withdrawal of the thyroid hormone, a 
decrease in the rate of bone destruction occurs 
sooner than a decrease in osteogenesis. 

The effects of thyroid hormone are probably 
not mediated by the parathyroids. Aub, Albright, 
Bauer, and Rossmeisl (4) demonstrated that thy- 
roid increases the serum and urinary calcium in 
patients with idiopathic and surgical hypopara- 
thyroidism. Cope and Donaldson (5) reported a 
patient who developed hypocalcemia and tetany 
following an inadequate subtotal thyroidectomy for 
hyperthyroidism. When hyperthyroidism recurred, 
tetany was relieved and the concentration of cal- 
cium in the serum rose. Hypocalcemia and tetany 
again appeared after treatment with potassium 
iodide. 

Increased fecal calcium in two patients with hy- 
perthyroidism and the very low fecal caicium in 
one of the myxedematous subjects (L. S..,)) are 
in keeping with the earlier reports of Aub, Bauer, 
Heath, and Ropes (1) and are contrary to the 
concept proposed by Robertson (25) that the pri- 
mary effect of the thyroid hormone on calcium 
metabolism is on the kidney alone. The finding 


of hypercalcuria, often extreme in some patients 


with hyperthyroidism, in the presence of normal 
serum calcium suggests either an increase in fil- 
tered load or decreased tubular reabsorption. 


SUMMARY AND CONCLUSIONS 


1. Radioactive calcium (Ca**) was given in- 
travenously to patients with hyperthyroidism and 
myxedema. Euthyroid subjects and patients with 
Paget’s disease of bone, and others with hypo- 
parathyroidism were similarly studied. Several 
patients were studied before and after appropriate 
treatment. Total quantities of the isotope excreted 
and specific activities of the serum, urine, and 
feces were determined frequently for 9 to 22 days. 
In addition, stable calcium, phosphorus, and ni- 
trogen balances were performed on each subject. 

2. In four subjects with hyperthyroidism, spe- 
cific activity of serum and urine declined more 
rapidly and to lower levels than in euthyroid con- 
trols. In contrast, two myxedematous patients 
demonstrated the least fall in specific activity. 
After five months of treatment of the myxedema 
specific activity curves were found to decline at 
the same rate as in the control patients. 
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3. Observation of all the specific activity curves 
suggests that they can be analyzed into a series of 
decreasing exponential functions. It is proposed 
that each function represents a discrete calcium 
compartment within the body. 

4. Changing thyroid function modifies the size 
of the calcium compartments and the rate of flow 
to and from these compartments. Compartment 
sizes and flow rates are greatest in hyperthyroid- 
ism and Paget’s disease of bone and least in 
myxedema. 

5. Two of four hyperthyroid subjects were in 
nitrogen equilibrium, despite which they showed 
marked losses of calcium in the urine and feces. 

6. The findings indicate that bone formation as 
well as destruction are proceeding at increased 
rates in thyrotoxicosis. 
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In previous studies from this laboratory (1) it 
was shown that renal tubular reabsorption of fil- 
tered amino acids was virtually complete in the 
fasting state. However, when a solution of amino 
acids was administered intravenously and the load 
filtered by the kidney thus increased, both the 
amounts of amino acids reabsorbed and those ex- 
creted were increased. In quantitative terms the 
more noteworthy event was the increase in amount 
reabsorbed. Considerable selectivity was exhibited 
in the reabsorption of individual amino acids and 
evidence was obtained which was interpreted as 
indicating a “competition” for reabsorption be- 
tween cystine and one or more other amino acids. 

In the present studies the solution of amino acids 
used for loading was administered at a faster rate 
than in the previously reported experiments and 
it was supplemented with additional glycine to 
test the effects of a further increase in the filtered 
load of amino acids. In separate studies glycine 
was administered alone and, in terms of amounts 
reabsorbed and excreted, the results were com- 
pared with those obtained when glycine was given 
as part of the amino acid mixture and comparable 
filtered loads were achieved. 


METHODS 


Three normal subjects—DNW (age 21, ht. 184.2 cm.,, 
wt. 85.5 kg.), WRR (age 28, ht. 175.3 cm., wt. 95.0 kg.), 
and WS (age 29, ht. 168.9 cm., wt. 60.5 kg.)—were given 
Merck’s 10 per cent solution of free amino acids. The 
experimental protocol is outlined in Table I-A, the rate 
of infusion being calculated on a basis of its glycine con- 
tent. The glomerular filtration rate (GFR) was meas- 


1 The opinions or assertions contained herein are the 
private ones of the authors and are not to be construed as 
official or reflecting the views of the Navy Department or 
the Naval Service at large. 

2 Lieutenant Commander, Medical Corps, United States 
Navy. 

8 University of California School of Medicine, San 
Francisco. 

#U. S. Naval Radiological Defense Laboratory, San 
Francisco. 


ured by means of inulin clearance and the manner in 
which the blood and urine specimens were collected was 
the same as that used in previous studies (1). The 
designation “high load” is an arbitrary one, meaning not 
only that the infusion was given at a faster rate but in 
addition, in the case of the first three experiments, that 
the amino acid mixture was supplemented with additional 
glycine. 

Three normal subjects—WRR, BVS (age 27, ht. 167.6 
cm., wt. 81.7 kg.), and DMS (age 23, ht. 167.6 cm., wt. 
95.5 kg.)—received glycine alone, as outlined in Table 
I-B. 

The methods employed for the microbiological assays 
of the individual amino acids and the exact composition 
of the amino acid solution used, as determined in this 
laboratory (lot B-27), have been reported (1, 2). The 
statistical analysis of the data in which each individual’s 
control period measurements were available was made by 
means of the ‘t’ test for paired data. A p value of 0.05 
was accepted as the criterion of significance (3). 


RESULTS 


Over-all response of the kidney to the infusion of 
an amino acid mixture 


In Figure 1 the sum of the filtered load of all 
of the individual amino acids has been plotted 
against the total amount reabsorbed. The first 
two points represent mean and grand mean values, 
respectively, obtained in six experiments. The 
last point is a grand mean value obtained from the 
individual high load periods run in three experi- 
ments. The same general pattern of renal re- 
sponse noted earlier by us with lower total filtered 
loads and by other investigators (4-8) is evident; 
i.e., as the filtered load is progressively increased 
both the amounts reabsorbed and those excreted 
are increased. The increase in the amount reab- 
sorbed, however, is not equally proportionate to 
the increase in that filtered, and as a result the per 
cent reabsorbed decreases. 


Apparent differences in reabsorption patterns 
among groups of amino ac‘ds 


The mean and grand mean amounts of all the 
amino acids, except cystine, filtered and reab- 
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TABLE I 


Experimental protocol 





Bubject 





13.3 
19.9 

- Infusion of glycine alone 
WER 13.2. 
BYS 17.2 
ps 2hek 





* A 100-ml. priming dose of the particular solution be- 
ing studied was administered rapidly when the infusion 
was started and 15 min. were allowed for equilibration. 
In subject DMS, a 60-ml. priming dose was used. 

# The supplies of amino acids solution were generously 
provided by Merck & Co., Inc. 

+In subject WS the protocol was modified in that 2 
load and 3 high load periods were run. 


sorbed by the three subjects in the fasting, load, 
and high load periods, are graphically presented in 
Figure 2. In the case of the first ten amino acids 
(reading from the left of the figure), it will be 
noted that the amounts reabsorbed continued to in- 
crease as the filtered load was progressively ele- 
vated. This is similar to the overall response made 
by the kidney to an infusion of an amino acid 
solution and is what would be predicted for the 
behavior of the individual amino acids. However, 
when the load and high load periods are com- 
pared in the case of glycine, serine, threonine, and 
histidine, it will be noted that despite moderate to 
striking increases in the filtered load the absolute 
amounts reabsorbed were not significantly differ- 
ent in the high load than in the load periods. In 
fact, the amount of histidine reabsorbed in the 
high load period was significantly less than that 
reabsorbed in the load period.® 

In Table II the glomerular filtration rate values 
for all of the subjects and the plasma concentra- 
tion and excretion values obtained in the case of 
histidine are listed to provide some information 
as to the stability of the experimental system as 
well as to show the increase in histidine excretion. 


5It is not possible, on the basis of the results obtained 
in these experiments with respect to their reabsorptive 
mechanism, to state in which group of amino acids tyro- 
sine and glutamine should be included. 
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The decrease which occurred in histidine reabsorp- 
tion can be calculated from these data. 

When the amounts of glycine and histidine re- 
absorbed in the individual high load periods were 
analyzed, a tendency to decreased reabsorption in 
successive periods was observed. This same trend 
was reflected in the total amount of all amino acids 
reabsorbed in each period (Figure 3) and although 
in this instance the changes are not statistically 
significant, the observation is mentioned because 
of its important implications. 


Effect of amino acid loading on the clearance of 
cystine 


In a previous study (1) it was observed that 
the clearance of cystine increased during the in- 
fusion of an amino acid mixture in the absence of 
any increase in filtered load of cystine. The in- 
fusion mixture is virtually free of cystine (lot 
B-27 contains 0.094M per ml.). In Table III 
there are presented the absolute amounts of cys- 
tine filtered and reabsorbed, as well as the clear- 
ance of cystine during each of the three periods in 
the present study. Again it will be noted that the 
clearance increased during the load period and a 
further increase was observed in the high load 
periods. This occurred in the absence of any 
statistically significant increase in the filtered load 
of cystine. It is noteworthy that the mean clear- 
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Load 


8 
1 


3 


Load 
2 


i 


eoceeeeeen----- yM/100 ml. 


Sect, Fasting 


pM/min 


13.0 11.9 11.7 36.8 41.9 











1,12 


171 164 


162 163 167 
1502 8.7 168 175 168 184 163 


138 + 4.4 


WR 10.3 20.7 19.4 18.7 29.0 31.0 


Iw 11.6 21.3 23.9 27.7 33.6 25.2 


16.4 15.6 


1.0 


40.7 40.0 40.7 13224.7 166 15% 169 164 166 


WS 10.6 29.0 29,0 





* Uncorrected for surface area. The increase in GFR sometimes noted with these infusions has been commented 


upon (1). 


** Mean value and standard deviations derived from control peri 
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ance (32.6 ml. per min.) achieved during the high 
load periods approaches 24-hour clearance values 
observed by us in some patients with cystinuria. 


Comparison of the excretion of glycine when in- 
fused alone and when incorporated into an 
amino acid mixture 


In Figure 4 the amounts of glycine excreted 
when it was administered alone are compared 
with the excretion when it was infused as part of 
an amino acid mixture and comparable filtered 
loads achieved. The four columns on the left of 
the figure represent mean values obtained in four 
experiments, two wherein glycine was infused 
alone (subjects WRR and BVS), and two wherein 
it was part of the amino acid mixture (subjects 
WRR and WB). In the four columns on the 
right, the results obtained in a single experiment 
with glycine alone are compared with those ob- 
tained in three experiments wherein the amino 
acid mixture was infused and comparable filtered 
loads of glycine achieved. The toxicity of this 
high dose of pure glycine prohibited further study 
on other subjects and will be commented on later. 
Significantly more glycine was excreted when it 
was infused as part of a mixture and high filtered 
loads obtained (p = 0.01) and although the re- 
sults obtained at lower filtered loads are not statis- 
tically significant, the tubular response appears to 
be the same. 

During the infusion of the glycine solution the 
clearances of other amino acids were also meas- 
ured. In subject BVS the clearances of 17 
amino acids were measured. In the other two 
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The first and second periods are graphed as mean values 
with the standard deviations (dotted lines) obtained in 
the three subjects. The third represents the values ob- 
tained in a single subject (WS). 


experiments (WRR and DMS) only amino acids 
representative of the types with high (histidine, 
serine, and threonine) and low (leucine, lysine, 
and valine) clearance values were measured. The 
infusion of glycine in all three experiments was 
accompanied by an increase in the clearances of 
serine and threonine in addition to that of glycine 
(Table IV). The plasma concentration of glycine 


TABLE III 


Cystine—Amounts filtered, reabsorbed, and clearance in each period 
(mean values) 








Fast: 
Subject Filtered 
pM/min. 


ing ~ Load 
Reabsorbed Filtered Reabsorbed 
uM/min. 


Righ Load 
Filtered Reabsorbed 
uM/min. 





DNW 16.3 16.1 


WRR 13.8 13.6 


ws 12.1 


Mean 
Clearance 
ml./min. 


* 
1.92 + 0.3 


17.1 
16.2 
14.9 


15.4 14.0 


16.6 


16.1 
15.5 
14.4 


12.0 


32.6 + 17.3" 





* Standard deviation. 
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* Significantly higher than 
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Fic. 4. ComMPpaRISON oF AMOUNTS EXCRETED WHEN 
Giycine Was InFusepD ALONE AND As PART OF AN 
Amino Acip MIxTURE 


rose in all of the subjects; but in DMS, who re- 


ceived the largest amounts, there was, in addition, 
a threefold elevation in plasma-serine concentra- 
tion (15.2 to 41.9, 47.6, and 45.7 »M per 100 ml.) 
and a twofold elevation in plasma-threonine con- 
centration (14.3 to 28.6, 29.4, and 294M per 


100 ml.). No changes were observed in plasma 
concentration or clearance in any of the other 
amino acids during the glycine infusion. 


DISCUSSION 


General features of the amino acid reabsorptive 
mechanism 


As the filtered load of a single amino acid or of 
a mixture of amino acids is increased, both the 
amounts reabsorbed and excreted increase. In 
this respect the reabsorption of amino acids re- 
sembles substances such as urate in man (9) and 
xylose in the dog (10). Reabsorption itself most 
certainly involves “active transport” and as such 
requires energizing reactions. However, the spe- 
cific reactions concerned and the relation they bear 
to the rate of transport have not yet been described. 
The present studies have shown that striking dif- 


DOOLAN, H. A. HARPER, M. E. HUTCHIN, AND E, L. ALPEN 


ferences in rates of reabsorption exist among the 
individual amino acids, a fact which may be ex- 
plained by assuming that they are handled by in- 
dependent mechanisms or by the same mechanism 
at different rates. It is predicted that in the ab- 
sence of toxic or antimetabolite phenomena the 
maximal rate of reabsorption for a mixture of 
amino acids would vary with the qualitative as 
well as the quantitative characteristics of the par- 
ticular mixture being infused, “mixture Tm,” 
while the conventional or true tubular Tm would 
be attained only if the mixture were constituted in 
such an ideal manner that both the affinity for 
and the capacity of the transporting system were 
maximally utilized. 

In the instances wherein Tm values have been 
demonstrated for individual amino acids in the 
dog (11, 12), the saturating value has been at- 
tained in a gradual manner and undoubtedly a 
similar gradual approach would be demonstrated 
for a mixture of amino acids in human subjects. 
Pitts (11) has explained this reabsorptive pattern 
within the framework of Shannon’s heuristic hy- 
pothesis on the law of mass action as applied to the 
cellular transporting reaction (13). According to 
Pitts, the limiting reabsorptive maxima are at- 
tained gradually because the velocity of decom- 
position of an amino acid complex (AB) within 
the tubular cell is relatively rapid in relation to the 
attainment of equilibrium in the reaction by which 
it is formed (A, reabsorbed material and B, some 
stable cellular component, constant in total 
amount), A+B@AB2B+A. _ Decomposi- 
tion of the complex AB delivers the reabsorbed 
material to the peritubular blood. 

However, an alternative explanation for the 


TABLE IV 


Changes in clearance of other amino acids noted during 
the infusion of glycine alone 





Clearance 
Pasting Infusion 
Grand Mean 





34.3 + 7.5" 
12.6 + 3.5" 


8.8 + 4.5 
1,26 21.1 


0.5 20.7 3.1 # 1.1° 
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gradual approach to Tm is that among the nephron 
population there exists a considerable variation in 
functional capacity to reabsorb amino acids. As 
a result, varying percentages of the population 
would become saturated at different plasma levels 
and the level at which any given nephron or group 
of nephrons is to become saturated would be a 
function of the glomerular-tubular balance and/or 
the distribution of enzymatic activity within the 
tubular cells. The normal situation which ob- 
tains with amino acids might conceivably be anal- 
ogous to that existing in certain cases of renal 
glycosuria wherein the maximal reabsorptive ca- 
pacity for glucose is normal despite the fact that 
glucose is excreted at relatively low plasma levels 
(14,15). The existence of two distinct groups of 
nephrons appears to be the most satisfactory way 
of explaining this normal Tm glucose (15). 

In human subjects it is impossible to collect the 
type of mean data necessary for a definitive evalu- 
ation of either of these hypotheses. On the basis 
of certain indirect evidence, namely, the competi- 
tion existing among individual amino acids for 
reabsorption in the normal subject and the fasting 
and load excretion values for individual amino 
acids in patients with various types of amino- 
aciduria, we believe that variation in functional 
capacity among the nephron population is neither 
the sole nor the most important determinant of 
reabsorptive pattern. 


Specific features of the reabsorptive mechanisms 


When the results with the individual amino 
acids were expressed as grand mean values, cer- 
tain distinct differences in reabsorptive pattern 
were noted. Tryptophan, valine, proline, phenyl- 
alanine, methionine, lysine, leucine, isoleucine, ar- 
ginine, and alanine continued to be reabsorbed in 
greater amounts as their filtered loads increased. 
The reabsorption of glycine, serine, and threonine, 
on the other hand, was not significantly different 
in the load and high load periods despite moderate 
to striking increases in their respective filtered 
loads. Moreover, in the case of histidine, a sig- 
nificantly smaller amount was reabsorbed in the 
high load periods. The reabsorptive capacity for 
the first group of amino acids obviously was not 
saturated despite the increases in load, corroborat- 
ing the findings of earlier studies made at lower 
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plasma levels and reaffirming the prediction that 
whenever these amino acids are present in the 
urine in abnormally large amounts, it is more 
likely due to an impairment in tubular reabsorp- 
tion than toan “overflow” phenomenon. When the 
data obtained with glycine, histidine, serine, and 
threonine are interpreted from the standpoint of 
the grand mean values, the results suggest that un- 
der these experimental conditions some one other 
or group of other amino acids was successfully com- 
peting for or interfering with their reabsorptive 
mechanisms. The results obtained when glycine 
was infused alone, as well as the evidence accumu- 
lated in a number of other studies (5, 11, 16, 17), 
all indicate that competition for reabsorption takes 
place among the individual amino acids. 

Although competition undoubtedly exists, evi- 
dence has been acquired in the present study that 
another event is occurring simultaneously. When 
the amounts of glycine and histidine reabsorbed in 
the individual high load periods were reviewed, a 
tendency to reabsorb less in successive periods was 
observed in each of the three subjects. The actual 
values were not significant in the case of glycine 
and of borderline significance (p = 0.06) for his- 
tidine. This same trend was observed in the total 
of all the amino acids reabsorbed in each individual 
high load period. In Figure 3 is presented the 
total for all the amino acids filtered and reabsorbed 
as mean values for each of the periods and the 
trend to reabsorb less with time will be noted. 
The apparent decrease in total amount reabsorbed 
plus the fact that the decrease was largely but not 
completely accounted for by the decrease in gly- 
cine and histidine reabsorption suggests that a 
decrease with time, in reabsorptive capacities for 
glycine, histidine, and perhaps other amino acids 
had taken place independently of competitive shifts 
in reabsorption pattern. This decrease may rep- 
resent a “fatiguing” of the reabsorptive mecha- 
nisms due to an excessive concentration of reac- 
tion products, an antimetabolite, or perhaps a 
toxic phenomenon. The untoward reactions 
(malaise, nausea, and vomiting) associated with 
these infusions were sufficiently severe as to deem 
it imprudent to perform further experiments 
wherein higher plasma levels would be sustained 
for longer periods. Animal experiments specifi- 
cally designed to determine whether any decrease 
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in reabsorptive capacity occurs with time are cur- 
rently in progress. 


The tubular response to the administration of 
glycine 


Glycine was administered as a 2.5 and as a 5.0 
per cent solution to two and to one normal sub- 
jects, respectively. Greater amounts were reab- 
sorbed when it was thus infused than when it was 
given as part of an amino acid mixture and com- 
parable filtered loads achieved. In all three sub- 
jects there was a significant rise in the clearances 
of serine and threonine as well as glycine. In- 
creases in the excretion of amino acids other than 
the one being infused have been observed by 
others. Beyer and his co-workers (16) originally 
demonstrated the relationships existing in the reab- 
sorption of leucine and isoleucine as well as argi- 
nine, histidine, and lysine. In these same studies 
no significant competition for reabsorption was 
demonstrated between glycine and isoleucine, leu- 
cine and arginine. Handler, Kamin, and Harris 


(18), however, observed a definite increase in 
arginine and a marked increase in methionine, iso- 


leucine, tryptophan, histidine, and threonine ex- 
cretion when glycine was infused into dogs at a 
rapid rate (3.0 mg. glycine nitrogen N per kg. 
per min.). Glycine was administered at much 
slower rates in the present studies (0.26 to 1.03 
mg. N per kg. per min.) and no significant increase 
in histidine, leucine, lysine, valine, alanine, argi- 
nine, cystine, isoleucine, methionine, phenylalanine, 
proline, tryptophan, or tyrosine excretion was ob- 
served. Kamin and Handler’s studies indicated 
that histidine and threonine reabsorption could be 
inhibited most easily by the infusion of other amino 
acids (17). 

In DMS, the subject who received the 5.0 per 
cent solution of glycine, there was a threefold rise 
in plasma serine and a twofold elevation in plasma 
threonine concentration. The rise in plasma serine 
was not surprising in view of the fact that con- 
version of glycine to serine is a metabolic route 
for the disposal of glycine, but the rise in plasma 
concentration of the essential amino acid, threo- 
nine, was unexpected and remains unexplained. 
No decrease in the plasma concentration of other 
amino acids, such as Hier (19) observed following 
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the oral ingestion of leucine and isoleucine, was ob- 
served in this study. 

The implications of the results obtained with 
glycine must be considered in the knowledge that 
this amino acid is in certain respects unique. It 
is the only naturally occurring amino acid which 
lacks an asymmetric carbon atom and therefore is 
incapable of isomerization; furthermore, its oxi- 
dative deamination in liver and kidney is accom- 
plished by a specific enzyme, glycine oxidase, 
which catalyzes its conversion to glyoxylic acid. 
For these reasons the findings reported with re- 
spect to glycine cannot necessarily be extended to 
the other amino acids. 


The toxicity associated with glycine infusions 


The infusion of 2.5 per cent glycine was accom- 
panied by a feeling of malaise and nausea in both 
subjects but the reaction was considered mild. 
The subject (DMS) who received the 5.0 per cent 
solution experienced a severe reaction. Approxi- 
mately 45 minutes after the infusion was begun at 
0.44 mg. N per kg. per min., he complained of 
nausea ; 75 to 80 min. after the infusion was started 
and shortly (15 to 20 min.) after the infusion rate 
had been increased to 1.03 mg. N per kg. per min., 
he complained of malaise and began to vomit. The 
patient appeared quite ill hy the time the infu- 
sion was discontinued at 104 min. The mean in- 
fusion rate was 0.67 mg. N per kg. per min. (the 
priming doses of glycine are included in calculat- 
ing the above three infusion rates). The reaction 
was complicated by what appeared to be a pyro- 
genic reaction, temperature 100.8°F., shaking chill, 
and headache. The malaise, marked weakness, in- 
tense nausea, and vomiting persisted for about 9 
hours post-infusion. A decrease in GFR occurred 
during the last two collection periods and the gly- 
cine data collected during that period have not 
been included in any of the results discussed above. 

Pitts (11) observed a decrease in glomerular 
filtration rate and renal plasma flow, vomiting, 
dilatation and fixation of the pupils, weakness, and 
incoordination in dogs given 2 to 10 per cent solu- 
tions of glycine. These reactions were reversible 
within a few hours. Simultaneous elevation of 
plasma glucose and glycine produced near fatal 
reactions with sharp falls in GFR, coma, and 
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decerebrate rigidity. In the experiments of Hand- 
ler, Kamin, and Harris (18), 8 of 12 dogs ex- 
pired from respiratory failure when given glycine 
or glycine plus glucose at a rate of about 1.0 mg. 
N per kg. per min. The time at which death oc- 
curred was inversely proportional to the rate of ad- 
ministration so that toxicity best correlated with 
total dose rather than the duration of infusion. 
The fatal dose was quite variable, 8 of the dogs 
succumbing after receiving 360 to 1301 mg. N per 
kg. and 4 surviving after receiving doses ranging 
from 703 to 1970 mg. N per kg. 

The rate at which the infusion is administered 
may be more important than Handler, Kamin, and 
Harris’ results would imply, for in subject DMS 
toxicity became much more apparent and severe 
shortly after the infusion rate was increased to 1.03 
mg. N per kg. per min. The total dose he received 
was only 69.7 mg. N per kg. If glycine is given 
at such a rapid rate that the rate of deamination 
exceeds the rate of removal of ammonia (urea 
formation), deaths from ammonia intoxication 
could result. Evidence in support of this explana- 
tion has been acquired by the authors in three sepa- 
rate experiments performed on dogs wherein blood 
ammonia concentrations have been serially deter- 
mined during the infusion of glycine in lethal 
quantities. At the time of death the blood am- 
monia was found to be markedly elevated. These 
studies are being continued in an attempt to de- 
fine more completely the mechanisms concerned. 


SUMMARY 


An amino acid mixture, supplemented with ad- 
ditional glycine, was administered at a faster rate 
than employed in earlier studies in order to deter- 
mine the effect of the additional increase in the 
total filtered load of amino acids: 

As the total filtered load of amino acids was 
raised to 2200uM per minute, greater quantities 
were both reabsorbed and excreted. 

The amounts of alanine, arginine, isoleucine, 
leucine, lysine, methionine, phenylalanine, proline, 
tryptophan, and valine reabsorbed continued to 
increase as their filtered loads were elevated. 

On the other hand the amounts of glycine, 
serine, and threonine reabsorbed were no greater 
in the high load than in the load periods and in the 
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case of histidine significantly less reabsorption 
occurred. A suggested explanation for this latter 
finding is the simultaneous operation of two fac- 
tors, competition among individual amino acids 
for reabsorption and a “fatiguing” of specific 
transport systems. 

Although during the infusion of the amino acid 
mixture the filtered load of cystine was not 
changed, its clearance increased to a maximum of 
32.6 ml. per min., a value aproaching that which 
we have observed in some patients with cystinuria. 

Glycine, when infused alone, was more com- 
pletely reabsorbed than when incorporated into 
an amino acid mixture and comparable filtered 
loads achieved. The infusion of glycine was ac- 
companied by an increase in the excretion of serine 
and threonine and in one instance by an elevation 
in plasma concentration of serine and threonine. 

The infusion of glycine proved to be toxic and 
separate data were collected indicating that this 
may have been due to ammonia intoxication. 


REFERENCES 


. Doolan, P. D., Harper, H. A., Hutchin, M. E., and 
Shreeve, W. W., Renal clearance of eighteen indi- 
vidual amino acids in human subjects. J. Clin. In- 
vest., 1955, 34, 1247. 

. Harper, H. A., Hutchin, M. E., and Kimmel, J. R, 
Concentrations of nineteen amino acids in plasma 
and urine of fasting normal males. Proc. Soc. 
Exper. Biol. & Med., 1952, 80, 768. 

. Snedecor, G. W., Statistical Methods Applied to Ex- 
periments in Agriculture and Biology. 4th ed, 
Ames, The Iowa State College Press, 1946. 

. Kirk, E., Studies on the amino acid clearance. 
Acta med. Scandinav., 1936, 89, 450. 

. Pitts, R. F., A comparison of the renal reabsorptive 
processes for several amino acids. Am. J. Physiol., 
1944, 140, 535. 

. Goettsch, E., Lyttle, J. D., Grim, W. M., and Dun- 
bar, P., The renal amino acid clearance in the 
normal dog. Am. J. Physiol., 1944, 140, 688. 

. Ferguson, F. P., Eaton, A. G., and Ashman, J. S., 
Renal reabsorption of methionine in normal dogs. 
Proc. Soc. Exper. Biol. & Med., 1947, 66, 582. 

. Russo, H. F., Wright, L. D., Skeggs, H. R., Tillson, 
E. K., and Beyer, K. H., Renal clearance of es- 
sential amino acids: Threonine and phenylalanine. 
Proc. Soc. Exper. Biol. & Med., 1947, 65, 215. 

. Berliner, R. W., Hilton, J. G., Yii, T. F., and Ken- 
nedy, T. J., Jr., The renal mechanism for urate 
excretion in man. J. Clin. Invest., 1950, 29, 396. 

. Shannon, J. A., The tubular reabsorption of xylose in 
the normal dog. Am. J. Physiol., 1938, 122, 775. 





896 


11. Pitts, R. F., A renal reabsorptive mechanism in the 
dog common to glycin and creatine. Am. J. 
Physiol., 1943, 140, 156. 

12. Wright, L. D., Russo, H. F., Skeggs, H. R., Patch, 
E. A., and Beyer, K. H., The renal clearance of 
essential amino acids: Arginine, histidine, lysine 
and methionine. Am. J. Physiol., 1947, 149, 130. 

13. Shannon, J. A., Renal tubular excretion. Physiol. 
Rev., 1939, 19, 63. 

14. Bradley, S. E., Bradley, G. P., Tyson, C. J., Curry, 
J. J., and Blake, W. D., Renal function in renal 
diseases. Am. J. Med., 1950, 9, 766. 


15. Reubi, F. C., Glucose titration in renal glycosuria in 
Ciba Foundation Symposium on the Kidney. Lon- 
don, J. & A. Churchill, Ltd., 1954, p. 99. 


P. D. DOOLAN, H. A. HARPER, M. E. HUTCHIN, AND E. L, ALPEN 


16. Beyer, K. H., Wright, L. D., Skeggs, H. R., Russo, 
H. F., and Shaner, G. A., Renal clearance of es- 
sential amino acids: Their competition for reab- 
sorption by the renal tubules. Am. J. Physiol. 
1947, 151, 202. 

17. Kamin, H., and Handler, P., Effect of infusion of 
single amino acids upon excretion of other amino 
acids. Am. J. Physiol., 1951, 164, 654. 

18. Handler, P., Kamin, H., and Harris, J. S., The me- 
tabolism of parenterally administered amino acids. 
I. Glycine. J. Biol. Chem., 1949, 179, 283. 

19. Hier, S. W., Influence of ingestion of single amino 
acids on the blood level of free amino acids. J. 
Biol. Chem., 1947, 171, 813. 





THE EXPERIMENTAL PRODUCTION OF ASCITES IN THE DOG 
WITH DIABETES INSIPIDUS? 


By JOHN H. LARAGH, H. B. VAN DYKE, JULIUS JACOBSON,? KARLIS ADAM- 
SONS, Jr.,3 ann STAMFORD L. ENGEL 4 


(From the Departments of Medicine, Pharmacology and Surgery, College of Physicians and 
Surgeons, Columbia University and the Presbyterian Hospital in the City of New York.) 


(Submitted for publication November 


The role of the antidiuretic hormone of the 
neurohypophysis in the formation of edema re- 
Many investigators (1-4) 
have presented evidence which suggests that en- 
dogenous antidiuretic hormone may be responsible 


mains to be clarified. 


for the production and maintenance of various 
edematous states, especially the ascites of liver dis- 
ease. The urine of patients with toxemia of preg- 
nancy, nephritic edema, Cushing’s syndrome, con- 
gestive heart failure, nephrosis, and cirrhosis of 
the liver with ascites, frequently has been found to 
contain increased amounts of an antidiuretic sub- 
stance possibly secreted by the neurohypophysis. 

Ralli and her group were perhaps the first of 
many workers to postulate a causal relationship 
between an increased liberation or persistence of 
antidiuretic hormone and the formation of ascites 
in hepatic cirrhosis (5,6). As a result of studies 
on the control of ascites in this disease, Eisen- 
menger, Blondheim, Bongiovanni, and Kunkel (7, 
8) attributed the beneficial effect of a dietary re- 
striction of sodium to a decreased liberation of 
antidiuretic hormone. Shorr and his associates 
studied 23 patients with edema and found that the 
concentration of VDM (ferritin) in the blood was 
uniformly increased (9). These workers there- 
fore postulated that the oliguria of heart failure, 
cirrhosis and nephrosis is the result of hyperse- 
cretion of antidiuretic hormone induced by VDM. 
In reviewing the problem of edema formation, 
Peters (10) pointed out that in the nephrotic syn- 
drome as well as in cirrhosis and heart failure the 


1 This work was supported in part by research grants 
from the U. S. Public Health Service, National Heart 
Institute (USPHS H-1275 and H-1788). 

2 Research fellow of the Dazian Foundation. 

3Fellow of the National Foundation for Infantile 
Paralysis. 

4 Research Assistant, supported by a research grant 
(H-1788) from the U. S. Public Health Service, Na- 
tional Heart Institute. 


22, 1955; accepted April 3, 1956) 


serum sodium tends to be low. He believed that 
this hyponatremia is the result of a tendency to 
retain water in excess of salt and could be pro- 
duced by an increased level of circulating antidiu- 
retic hormone. Until recently, evidence that the 
antidiuretic hormone is inactivated by the normal 
liver had given implied support to the concept of 
abnormal persistence rather than hypersecretion 
of the hormone in cirrhosis (11). However, ob- 
servation on patients (12) as well as in vitro stud- 
ies (13) have failed to demonstrate inadequate 
hormone inactivation in this disease. 

A major objection to the studies in which an 
increase in an antidiuretic factor in the urine was 
detected, is the failure to recognize the lack of 
specificity of the assay methods employed. 
Dyke, Ames, and Plough (14) using a more 
specific intravenous assay in dogs to investigate 
the presence of antidiuretic hormone in the urine 
of patients with cirrhosis could not demonstrate a 


van 


significant difference between a group with ascites 
and one without. 
edematous states characterized by retention of 
salt and water, it is not clear whether the salt re- 
tention or the water retention occurs first. 


In addition, in the various 


The present study was designed to determine the 
role of the antidiuretic hormone in the formation 
of experimental ascites. In three dogs with known 
diabetes insipidus induced by interrupting the hy- 
pothalamico-hypophyseal tract in the hypothala- 
mus, and in two control dogs, ascites was produced 
by constriction of the inferior vena cava above the 
hepatic vein by a modification of the method of 
McKee, Schilling, Tishkoff, and Hyatt (15). No 
significant difference was observed between normal 
dogs and dogs with diabetes insipidus in the ca- 
pacity to form ascites after caval constriction. 
This report summarizes the results of electrolyte 
and water balance studies and of assays for anti- 
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diuretic hormone in the hypothalamus and _ pos- 
terior lobe of the pituitary. 


METHODS 


The experiments were carried out with trained unan- 
esthetized mongrel dogs, housed in metabolism cages and 


fed a standard diet of fixed electrolyte content. Some 


BODY WEIGHT 
Kg 


URINE SODIUM 
mEq/24 brs 
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dogs were fed “Kasco” dog food in known amounts, con- 

Others were fed ground beef with 
Each batch of 


stant for a given dog. 
added sodium chloride. 
analyzed for its content of sodium, potassium, and chlo- 


new food was 


ride. The electrolyte content of any uneaten residue 
was determined and subtracted from the daily intake. 
Distilled water was given ad libitum, and the daily con- 
sumption was measured. Urine collections 
twenty-four Stool 
analyzed. None of the dogs had diarrhea at any time. 
Blood 
was taken from the jugular vein with a minimum of stasis 
and delivered under oil. 
sodium, potassium, and chloride; total protein and urea 


were made 


every hours. specimens were not 


The dogs were weighed daily in the fasting state. 
The serum was analyzed for 
nitrogen were determined by methods described previ- 


ously (16, 17). 
dium, potassium, and chloride. 


The urine was analyzed daily for so- 
The specific gravity of 
each twenty-four-hour sample was determined with a 
standard hydrometer. 

Constriction of the vena cava was carried out after a 
control balance study of at least ten days, and the dogs 
were returned directly from the operating room to the 
The 
was accomplished by a modification of the method de- 
scribed by McKee, Schilling, Tishkoff, and Hyatt (15) 
using a pneumatic rubber cuff devised by one of the au- 
thors (J. J.) and shown in Figure 1. 
withdrawing air from the rubber cuff through a blind end 
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implanted subcutaneously it is possible to produce a state 
of reversible, chronic ascites in the dog with diabetes in- 
sipidus (Figure 2) as well as in the control animals. 
Inflation and deflation of the previously inserted cuff 
through a No. 25 needle is accomplished without detec- 
table evidence of disturbance of the animal. This cuff 
has been used in our laboratory to make controlled ob- 
servations on the hormonal factors involved in the onset 
and offset of ascites characterized by renal retention of 
sodium chloride (18). After constriction of the vena 
cava, renal retention of sodium is almost immediately 
apparent and usually becomes maximal within the first 
twenty-four hours (Figure 2). After release of the con- 
striction, an immediate natriuresis develops in which 
urine sodium may increase from less than 1 mEq. to 


over 300 mEq. in the first twenty-four hours. There is 
an associated diuresis and loss of edema fluid. Similar 
reversible edema occurs after pulmonary artery constric- 
tion, but this is technically more difficult to produce. 

In three dogs diabetes insipidus had been induced by 
Dr. R. C. deBodo of the Department of Pharmacology, 
New York University College of Medicine, by means of 
a lesion produced by electrocoagulation in the anterior 
hypothalamus. Each dog excreted 3 to 6 liters of urine 
per twenty-four hours when having free access to food 
and water during the control periods. At the end of the 
study, the dogs were sacrificed, and the amount of anti- 
diuretic hormone in the hypothalamus and in the pituitary 
was determined by a method similar to that of van Dyke, 
Ames, and Plough (14). 
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RESULTS 


Following constriction of the thoracic inferior 
vena cava to less than half of its original diameter, 
ascites developed in the two normal control dogs. 
In both dogs the ascites was massive, requiring 
the removal of as much as 14 liters of fluid every 
four to six weeks. In one animal the ascites has 
persisted for over a year. Balance studies on both 
dogs (Figure 3) were similar to those previously 
reported in detail by others (15, 19). 

Constriction of the thoracic vena cava in the 
three dogs with diabetes insipidus was also fol- 
lowed by the development of massive ascites. As 
indicated by the changes in body weight in two 
dogs, one diabetic and one with an intact neuro- 
hypophysis, presented graphically in Figure 3, 
ascitic fluid appeared to accumulate at the same 
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rate in both groups following caval constriction. 
In both, maximal sodium retention developed 
after caval constriction. For example, the daily 
urine sodium content fell to a minimum of less 
than 1 mEq. per day in both studies presented in 
Figure 3 and never exceeded 8 mEq. per day. 
Striking differences were observed, however, in 
the urinary specific gravity and in the daily urine 
volume. In the dog with diabetes insipidus (Fig- 
ure 3), urinary specific gravity did not rise above 
1.006, whereas in the normal control animal the 
specific gravity was always above 1.020 and 
reached a maximum of 1.037. The dog with in- 
tact neurohypophysis (Figure 3) excreted small 
volumes (85 to 425 ml. per day) of urine despite 
a striking increase in thirst and water intake. In 
other normal dogs urine volumes as low as 25 
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ml. per twenty-four hours have at times been 
noted during ascites formation. In contrast, uri- 
nary output increased (3300 to 4000 ml. daily) 
in association with increased water drinking in the 
dog with diabetes insipidus during the formation 
of ascites (Figure 3). Despite the differences ob- 
served in water turnover and urine concentration 
the net water balance and resultant weight gain 
were comparable in the two dogs. Ina second dog 
with diabetes insipidus, water turnover was re- 
duced slightly during formation of ascites (Fig- 
ure 4), and in the third animal it did not change 
appreciably. The control dog (Figure 3), on a 
constant diet containing 90 mEq. of sodium daily, 
gained 7.0 kg. in the fifteen days following caval 
constriction. The diabetic dog received a diet con- 
taining 95 mEq. of sodium per day and gained 
7.2 kg. in the twelve days following constriction 
of the thoracic vena cava. These data, therefore, 
fail to show any significant difference in the rate 
of formation of ascitic fluid. 

More detailed metabolic data for another dia- 
betic dog are presented in Figure 4. This animal 
gained about 5 kg. of ascites in a period of twenty- 
five days. Caval constriction was carried out dur- 
ing the operation instead of by subsequent infla- 
tion of the cuff. For some reason, urinary sodium 
retention did not immediately become maximal. 
The delay could be attributed to an inadequate 
constriction or perhaps to a post-operative re- 
action. 

The urinary specific gravity in the dogs with 
diabetes insipidus ranged from 1.001 to 1.010, re- 
maining more or less fixed for a given animal. 
No appreciable changes in these values were ob- 
served during ascites formation. In the diabetic 
dog presented in Figure 3 a rapid accumulation 
of the ascitic fluid was evident while the specific 
gravity of the urine remained constant at 1.004. 
During this phase of maximal production of ascitic 
fluid, almost all of the administered sodium was 
retained. A corresponding reduction in chloride 
excretion was consistently observed in all animals. 

The serum sodium concentration of the diabetic 
dogs developing ascites remained relatively con- 
stant in the normal range. In one of the normal 
dogs, the serum sodium also remained constant, 
but in the other control dog forming ascites the 
serum sodium fell to 138 mEq. per L. from 145 
mEq. per L. This tendency to hyponatremia in 
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TABLE I 
The total amount of antidiuretic hormone in the neurohy- 
pophysis of the dogs with diabetes insipidus in 
comparison with normal dogs * 








Total mU of ADH 


Total in 
neuro- 
hy pophysis 


67 ae 127 
0 19 19 
160 725 885 


4,060 16,700 20,760 





Hypo- Posterior 
thalamus lobe 








Normal 
(Av. of 
11 dogs)t 





* Corresponding metabolic data for dogs 1, 2, 3 are sum- 
marized in Figures 2, 3, 4, respectively. 
t van Dyke, Adamsons, and Engel Uy. 


ascitic dogs has also been observed at times by 
Davis and Howell (19). Schilling and associates 
(20) and Davis and Howell (19) have also noted 
a definite tendency to hyperkalemia in normal dogs 
with ascites following caval constriction. We 
have observed a similar change in diabetic dogs 
with ascites, an example of which is presented in 
Figure 4. Serum potassium values in excess of 
7.0 mEq. per L. were encountered in our animals 
on five occasions. Periods of rapid edema forma- 
tion were associated with a striking fall in the se- 
rum protein concentration in both the normal and 
the diabetic dogs. The protein content of the 
ascitic fluid was found to range from 1.6 to 4.4 
gm. per 100 ml. in both groups of animals. Tests 
of liver function were made in two dogs with as- 
cites, one control and one dog with diabetes in- 
sipidus. The protein partition, alkaline phospha- 
tase and serum bilirubin were all found to be well 
within normal limits, despite enlargement of the 
liver and gross evidences of cirrhosis after pro- 
longed caval constriction. 

At the time of sacrifice or death, the hypothala- 
mus and the atrophic posterior pituitary of the 
three dogs with diabetes insipidus were assayed 
for antidiuretic hormone (Table I). The assays 
were performed by intravenous injection of tissue 
extracts into heavily hydrated dogs. Less than 
0.5 mU can be detected by this method. Owing 
to post-operative scarring of the hypothalamus, it 
was not feasible to assay separately some of the 
divisions of the neurohypophysis such as the 
hypothalamico-hypophyseal tract in the tuber 
cinereum or the paired supraoptic and paraven- 
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tricular nuclei. The pituitary body was assayed 
without separation of the lobes. The results in 
comparison with a group of eleven normal dogs 
are summarized in Table I. Except in dog No. 3 
(Figure 4), only about 4 per cent of the total 
amount normally present could be detected in the 
neurohypophysis (hypothalamus and posterior 
pituitary). Thus, only trivial amounts of stored 
antidiuretic hormone could be detected in the 
neurohypophysis of dogs 1 and 2. The reduction 
in stored hormone was severe but less pronounced 
in dog 3. The quantities of stored hormone pres- 
ent do not furnish information concerning the rate 
of formation or liberation of antidiuretic hormone. 
However, the characteristic polyuria of these ani- 
mals in association with low or very low neuro- 
hypophyseal titers of stored hormone suggests 
that the formation and liberation of ADH were 
grossly inadequate. 


DISCUSSION 


Several groups of investigators have previously 
characterized the metabolic events accompanying 
the onset and termination of ascites formation af- 
ter constriction of the thoracic vena cava (15, 19- 
21). Such animals exhibit chronic fluid reten- 
tion with an expanded extracellular fluid volume 
as a result of more complete reabsorption of so- 
dium by the renal tubules. At least in this im- 
portant respect, dogs with experimental ascites 
are similar to patients with cardiac failure and de- 
compensated hepatic cirrhosis. Further studies 
of Davis, Howell, Southworth, and Laqueur (22, 
23) have shown that this type of edema usually 
clears after adrenalectomy or anterior hypophysec- 
tomy. Their data indicate that a salt-retaining 
hormone of the adrenal is essential for the edema 
formation and that anterior pituitary activity ap- 
pears to contribute to ascitic fluid accumulation by 
maintaining an adequate level of venous hyper- 
tension. 

The present study clearly demonstrates that as- 
citic fluid is formed readily in the dog following 
constriction of the thoracic inferior vena cava with 
storage of little or very little antidiuretic hormone 
in the neurohypophysis. Since the very low 
amounts of stored hormone could be correlated 
with the excretion of abnormally great volumes 
of urine, it is presumed that very little antidiu- 
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retic hormone could be liberated by the dogs with 
diabetes insipidus. The ascites of diabetic dogs 
appears to be similar to the ascites produced in 
normal dogs, and the rate of its formation was not 
shown to be appreciably different. In both groups 
of animals the formation of ascitic fluid is charac- 
terized by maximal renal retention of ingested so- 
dium ; water and chloride are apparently retained 
in amounts sufficient to sustain osmolarity of body 
fluid. 

The formation of ascites in dogs with diabetes 
insipidus appears to differ from that observed in 
control animals only in that it is characterized by 
persistence of a dilute urine of large volume. The 
presence of an intact neurohypophysis would thus 
appear to account for the comparatively low water 
turnover noted in the normal controls. It is im- 
plied in this, although not established, that over- 
activity of the antidiuretic hormone could account 
for oliguria, retention of water in excess of salt 
and resultant hyponatremia seen at times in the 
control dogs and in certain patients with ascites. 

Animals with diabetes insipidus have an in- 
herently greater tendency to a negative water bal- 
ance. In this study ascites formation was related 
to the amount of sodium ingested but was largely 
independent of water ingested. It is therefore 
suggest«d that abnormal retention of sodium and 
chloride rather than of water is of prime impor- 
tance in the accumulation of ascitic fluid after con- 
striction of the vena cava. 


SUMMARY 


Progressive ascites was readily produced by 
constriction of the inferior vena cava at the level 
of the diaphragm in two normal control dogs and 


in three dogs with diabetes insipidus. The dia- 
betes insipidus had been induced previously by 
bilateral destruction of the neurohypophyseal 
tracts. 

The rate of formation of ascitic fluid after caval 
constriction was similar in both groups. 

At subsequent postmortem little or no anti- 
diuretic hormone could be demonstrated in the 
neurohypophysis of the diabetic animals. 

During ascites formation in normal dogs urine 
formation tended to decrease, and the urine tended 
to become more concentrated despite an increase 
in water intake. On the other hand, among the 
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diabetic dogs, polydypsia with the continued ex- 
cretion of large volumes of dilute urine persisted 
during accumulation of ascitic fluid. 

In both groups of animals, the formation of as- 
cites was characterized by nearly maximal renal 
retention of ingested sodium. 
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In preliminary experiments some striking dif- 
ferences in the mechanics of breathing in dif- 
ferent body positions were observed. In view of 
those findings it was thought worthwhile to carry 
out a more extensive study with the anticipation 
that the results might shed some light on the fac- 
tors which influence the compliance and mechani- 
cal resistance of the lung. 

Compliance is defined as the volume change 
brought about by one centimeter of water pres- 
sure (L. per cm. H,O). The lower the compli- 
ance the stiffer the lung and vice versa. Mechani- 
cal resistance measures the amount of pressure 
necessary to obtain a certain flow rate and is ex- 
pressed as cm. H,O per L. per sec. 

In this paper, mechanical resistance includes 
both the resistance to air flow per se and the resis- 
tance to tissue deformation. The latter resistance 
has been measured to be about 30 to 40 per cent of 
the total mechanical resistance in normal lungs 
(1). Because the pressure flow relationships are 
not linear, the mechanical resistance changes con- 
tinuously over the respiratory cycle especially in 
patients with increased resistance. In order to 
get better comparative values over an entire re- 
spiratory cycle, values for mean mechanical re- 
sistance are given in this paper. 


METHODS 


Intraesophageal pressures were substituted for intra- 
pleural pressures. The method used was essentially the 
one described by Mead and Whittenberger (2, 3), em- 
ploying an esophageal balloon, 15 cm. in length and in- 
flated with 1 ml. of air. All pressures were measured by 
mechano-electrical transducers. Flow rates were meas- 
ured by a pneumotachograph. The volume flow rate was 
electrically integrated by a condenser-resistor unit. Be- 
cause the integrator only maintained linearity for 10 sec- 
onds, an automatic switch was provided which discharged 
the condensers at determined time intervals (5 to 8 sec- 
onds). <A controlled secondary circuit made it possible 
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to correct for volume differences caused by the respira- 
tory quotient and temperature and humidity changes be- 
tween the inspired and expired air. Consequently the base 
line remained horizontal in a given midposition. The 
volumes measured are the inspired volumes at 25°C (not 
saturated) and are reported as such. This would reduce 
the compliance values about 7 per cent as compared to 
values corrected for B.T.P.S. All electrical outputs 
were fed into a Sanborn four channel recording unit. 

Since considerable variations may occur between in- 
dividual respiratory cycles caused by heart beats, at least 
two series of ten cycles each were measured in each posi- 
tion and at each respiratory rate. The mean compliance 
of the two series was required to check within 0.03 for 
values above 0.15, within 0.02 for values above 0.1 and 
within 0.01 for values below 0.1. Resistive pressures 
were measured by drawing the corrected static intra- 
pleural pressure and obtaining the difference between dy- 
namic and static intrapleural pressure at each Yo of a 
second for slow respiratory rates and at each 14 of a 
second for rapid rates. The resistive pressure was di- 
vided by the flow rate existing at that particular moment 
and plotted on graph paper—first as pressure against flow 
and second, as mechanical resistance against time. The 
mean was measured planimetrically. All pressures were 
calibrated by a water manometer and flow rates and 
volumes with suitable Fischer and Porter flowmeters be- 
fore and after the experiment. 

In two subjects with spontaneous pneumothorax intra- 
pleural pressures were measured through an 18-gauge 
needle and in two patients with pleural effusion with an 
indwelling 14-gauge polyethylene catheter and a Statham 
strain gauge whose zero point was the posterior axillary 
line. 

The studies were done on eight subjects who by history, 
clinical, and x-ray findings were free of chronic pul- 


TABLE I 
Physical characteristics of eight normal subjects 
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monary disease. Their physical characteristics are given 
in Table I. One of the subjects (M. G.) was studied 
twice. Two of those subjects (J. C. and H. T.) hada 
spontaneous pneumothorax, and intrapleural and intra- 
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esophageal pressures were measured simultaneously. In 
addition, intrapleural and intraesophageal pressures were 
compared in two patients with pleural effusion. The 
positions studied by intraesophageal pressure were the 
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supine in nine experiments, the sitting in nine experi- 
ments and the prone in six experiments. Most positions 
were studied during slow and fast respiratory rates. 


RESULTS ? 


1. Comparison between intrapleural and intra- 
esophageal pressures 


Intrapleural and intraesophageal pressures were 
measured simultaneously in two subjects with 


2 The statistical technique used in the analysis of these 
results makes no assumption as to the form of the distri- 
bution of the variables studied in the general population. 
Such statistical methods are called nonparametric or dis- 
tribution-free methods. Since they are valid for any 
parent population, they could be applied to samples of nor- 
mal population. On the other hand, using a normal 
theory test with a given level of significance does not 
assure that the probability of certain type errors will 
not occur if the normality of the distribution is not 
known. 

If comparisons were made between any two groups, 
rates, positions or their combinations, the findings were 
treated according to the signed Rank test for paired ob- 
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spontaneous pneumothorax (10 per cent collapse ) 
and in two patients with pleural effusion. The re- 
sults in three of these patients during slow breath- 
ing are shown in Figure 1. In all cases, the intra- 
pleural pressure differences were somewhat 
greater than the intraesophageal pressure differ- 
ences. During rapid breathing, intraesophageal 
pressure differences were sometimes considerably 
less than intrapleural pressure differences though 
the pattern looked very similar in both tracings 
(Figures 2a and 28). End expiratory intrapleural 


pressure was, in general, more negative than end 


servations where there were matched pairs or the Sign 
test and Sum of Ranks test, where there were unequal 
groups. When several groups, positions or rates were 
compared together, the method used was an analysis of 
variance by Ranks. 

Only those results which occurred at the 5 per cent 
level of confidence or beyond were reported as significant. 
That means that the possibility of whatever comparison 
was made would occur five times or less out of one 
hundred, which places it well beyond the range of chance 
occurrence. 


6+0./e0e. 
1160- 


580- 
o~ 
580- 


J. C., 49 Yrs., Mate; NorMAL witH SPONTANEOUS PNEUMOTHORAX ON RiGHT Sipe witH 10 PER 


CENT COLLAPSE 
Comparison of intrapleural and intraesophageal pressures in a normal patient with spontaneous pneumo- 


thorax on the right side with 10 per cent collapse. 


During quiet breathing, the pressure difference in the intra- 


pleural and esophageal tracings are nearly the same although the absolute pressure levels are slightly higher 


in the intrapleural tracings depending upon position. 





BODY POSITION AND THE 


PWEUMOTACROORAM 


Fic. 2p. 


MECHANICS OF BREATHING 


J. C., 49 Yrs., MALE; NorMAL witH SPONTANEOUS PNEUMOTHORAX ON RIGHT SIDE wiTH 10 PER 


CENT COLLAPSE 


Comparison of intrapleural and intraesophageal pressures in a normal patient with spontaneous pneumo- 
thorax on the right side with 10 per cent collapse during rapid breathing. 


Note the marked dampening in the esophageal pressure. 


expiratory intraesophageal pressure. A notable 
exception was the study in the lateral position with 
the patients lying on the diseased lung. Patient 
G. A. shows a higher intrapleural pressure in the 
supine position as the result of the hydrostatic 
pressure of the fluid. No reliable intrapleural 
pressures could be obtained in the sitting position 
on this patient. Subject H. T. showed a consider- 
ably higher intrapieural pressure in the sitting 
position. He had a small bronchopleural fistula 
at the time of the study and his intrapleural pres- 


sure tracing showed light damping in the sitting 
position. 

The compliance values compare well for sub- 
ject J. C. in all positions. Subject H. T. has a re- 
duction in intrapleural as compared to intraesopha- 
geal compliance lying on the healthy side and in 
the sitting position. Patient G. A. shows a lower 
intrapleural compliance lying on the diseased side 
and a higher intrapleural compliance lying on the 
healthy side. 

The values for intrapleural and intraesophageal 


TABLE II 


Mechanics of breathing in patient A. A., 65 years, male, with pleural effusion on the right side 
(Study in supine position before and after removal of 1,000 ml. of fluid) 
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mechanical resistance compare fairly well in sub- 
jects J.C.and H. T. Patient G. A. shows a some- 
what higher intrapleural resistance in the supine 
position and lying on the diseased side, while it 
is somewhat lower lying on the healthy side. The 
direction of positional changes is the same for in- 
traesophageal and intrapleural compliance and 
mechanical resistance. 
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In order to get some ideas about the influence of 
a pleural effusion upon these differences, a patient 
with pleural effusion before and after a tap of 
1000 ml. fluid was studied. The results are pre- 
sented in Table II. Both intrapleural and intra- 
esophageal pressures become more negative after 
the tap. Both compliances increase for slow re- 
spiratory rates. The drop in intrapleural compli- 


TABLE III 


Mechanics of breathing: Results in eight normal subjects in supine, sitting and prone positions 
during slow and fast respiratory rates 
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ance with increase in rate is particularly noticeable 
after the pleural tap, while the drop in intra- 
esophageal compliance though present is less sig- 
nificant. Intraesophageal mechanical resistance is 
somewhat lower before the tap, both for inspira- 
tion and expiration, and slightly higher after the 
tap for slow respiratory rates. Corresponding to 
the marked drop noted in intrapleural compliance 
during fast breathing, the drop in intrapleural 
resistance is less under these conditions. 

From these results, it would seem that intra- 
esophageal pressures give an adequate picture of 
the effects of positional changes on the mechanics 
in breathing. However, in patients with unilateral 
dysfunction (pleural effusion, penumothorax with 
bronchopleural fistula) the effects of positional 
changes on the intrapleural pressures of the affected 
lung are considerably more marked than on the 
intraesophageal pressures. 

The difference between intraesophageal and in- 
trapleural pressure depends upon the character- 
istics of the measuring device, its location within 
the esophagus and the characteristics of the esopha- 
geal wall and the adjacent structures (2-5). Dif- 
ficulties may ensue in employing intraesophageal 
pressures as a guide for the determination of ab- 
solute lung distention. Therefore, an evaluation 
of the work of breathing using intraesophageal 
pressure measurements will not take into account 
the metabolic work necessary to maintain the in- 
flation of the lung at a given midposition. 


2. Positional changes 


The results for the three positions at two dif- 
ferent respiratory rates are presented in Table ITI. 

End expiratory pressures are consistently more 
negative in the sitting than in the supine position. 
In four out of six normals, they were more nega- 
tive in the prone than in the sitting position. 
These differences are significant at the 2 per cent 
level. There are no significant differences in end- 
expiratory pressures between slow and fast re- 
spiratory rates in any position. In general, sub- 
jects who show a decrease in tidal volume with an 
increase in respiratory rate, demonstrate an in- 
crease in negativity. 

Compliance values are considerably higher in 
the sitting than in the supine position. The values 
in the prone position are usually intermediate with 
considerable scattering of the individual scores. 
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These differences are significant at the 2.5 per 
cent level. There are no differences for compli- 
ance values at different rates in any of the positions 
studied. 

Mechanical resistance is somewhat higher dur- 
ing expiration than during inspiration. The dif- 
ference is significant for all positions for slow 
respiratory rates and also for the prone position 
for fast respiratory rates. Neither inspiratory nor 
expiratory resistance change significantly at vari- 
ous respiratory rates in any position. Mechanical 
resistance is generally lower in the sitting and 
prone positions as compared to the supine position. 
The subjects with a high resistance in the supine 
position show the greatest changes with variation 
of body position. However, the scatter of the 


individual results is such that the difference of the 
means is not statistically significant. 


DISCUSSION 


In changing from the erect to the recumbent 
position there is, in general, only a slight decrease 
in total lung capacity, vital capacity, and residual 
volume but a large decrease in expiratory reserve 
volume with an inadequate compensatory increase 
in the inspiratory reserve volume (6-10). Pul- 
monary mixing is poorer in the supine than in the 
erect position (11-18). In the lateral position the 
lower lung shows a decreased expiratory reserve 
volume. However, the oxygen consumption, min- 
ute ventilation, vital capacity, and inspiratory re- 
serve volume are increased (19). During thoracic 
surgery, there is considerably more carbon dioxide 
retention in the lateral position than in the su- 
pine or prone position (20). 

The pressure-volume curves of the relaxed 
thorax (relaxation curves) are parallel in the sit- 
ting, supine and Trendelenburg positions (21, 22). 
The relaxation volume of the thorax is nearer the 
expiratory volume in the recumbent and Trendel- 
enburg positions. Under these conditions the lung 
assumes a lower midposition. In the erect posi- 
tion, the weight of the thorax tends to increase 
the intrathoracic pressure whereas the pull of the 
abdominal contents tends to decrease it. Judging 
from the relaxation curves, the pull of the abdomi- 
nal contents seems to predominate. 

Although respiratory rates and tidal volumes in 
the different body positions were within the same 
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range in the experiments (only the prone position 
showed a considerable increase in the minute ven- 
tilation), changes in body position resulted in con- 
siderable changes of end expiratory pressure, 
compliance, and mechanical resistance. The 
changes in end expiratory pressures are greater 
than one would expect from changes in midposi- 
tion alone (23, 24). If the observed changes in 
compliance were only the result of changes in 
midposition, they should also have been noted in 
changing from slow to rapid respiratory rates, 
where marked changes in tidal volumes and mid- 
position occurred. Therefore, one has to look for 
additional factors which could contribute to the ob- 
served changes in the mechanics of breathing. 

A decrease in hydrostatic pressure by removal 
of intrapleural fluid leads to an increase in com- 
pliance and a decrease in mechanical resistance. 
Changes in hydrostatic pressure could influence 
the physical properties of the lung directly, but 
they also can affect both the distribution of pul- 
monary blood flow and the forces acting upon the 
chest wall, mediastinum and diaphragm. The 
latter in turn changes the shape of the thorax and, 
therefore, the midposition of the lung. 

The amount and distribution of blood within 
the lungs influences pulmonary surface tension 
and, therefore, compliance and mechanical re- 
sistance. In patients with mitral stenosis (25) 
studied in the sitting position, the deviation from 
normal values was more marked when the patients 
were in failure. Some of the changes observed in 
the supine position may be the result of increased 
thoracic blood volume, thus simulating to some 
extent the changes observed in mitral stenosis. 
Oser, Ruston, and Ryan (26) showed that the in- 
crease in venous hydrostatic pressure in the erect 
position can exceed the venous tone below the 
diaphragm and result in blood trapping and re- 
duction of right atrial pressure. 

Another factor to be considered is the amount 
of unequal ventilation and the opening up of ad- 
ditional ventilatory space when the lung volume is 
increased (27). Our results seem to indicate 
that this is a minor factor in normal lungs, com- 
pliance being constant at different respiratory 
rates (28). 

The reported changes in the mechanics of 
breathing are probably of no practical importance 
in normal subjects who have a large functional re- 


ERNST 0. ATTINGER, R. GRIER MONROE, AND MAURICE S. SEGAL 


serve and are capable of compensating automati- 
cally for the occurring changes. However, the 
problem is quite different for patients with cardio- 
pulmonary disease. Even for the normal subject, 
it is important to report results of pulmonary 
function tests with the body position in which the 
patient was studied. The changes with body po- 
sition can exceed the variation of normal values 
in a given position. 


SUMMARY 


1. The mechanics of breathing were studied 
in eight normal subjects. 

2. Intrapleural and intraesophageal pressures 
were compared in four patients in different body 
positions. Intrapleural pressure differences were 
usually somewhat greater than intraesophageal 
pressures. End expiratory intraesophageal pres- 
sure is usually more positive than end expiratory 
intrapleural pressure. The difference varies from 
subject to subject and in each depending upon the 
body position. Intraesophageal pressures seem 
to be adequate for the measurement of the me- 
chanics of breathing, but unsuitable for the de- 
termination of absolute lung distention (midposi- 
tion). 

3. Compliance and mechanical resistance were 
measured during slow and rapid breathing in the 
supine, sitting and prone positions. 

4. Compliance was lowest in the supine and 
highest in the sitting position and did not change 
with change in respiratory rate. 

5. Mechanical resistance was usually highest in 
the supine and lowest in the sitting position, ex- 
piratory resistance being somewhat higher than 
inspiratory resistance in all positions studied. 

6. Some of the physiologic factors which might 
contribute to the observed changes are discussed. 

7. The full significance of pulmonary function 
testing can only be determined after considering 
the body position during the tests. 
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In a previous paper, the effects of changes in 
body position upon the mechanics of breathing in 
normals were reported (1). This report deals 


with the results obtained in two groups of patients 
studied in the supine, sitting, prone, head down 
and lateral positions. 


MATERIAL AND METHODS 


The technic described in the previous paper has been 
employed throughout the study. It consists essentially of 
measuring intraesophageal pressures, air flow rates and 
volume changes simultaneously and continuously through- 
out the respiratory cycle. From these measurements, 
compliance (volume change per unit pressure change 
expressed as L. per cm. HO) and mechanical resistance 
(pressure necessary to obtain a given flow rate, ex- 
pressed in cm. per L. per sec.) have been determined in the 
different body positions and at different respiratory rates. 
Mechanical resistance is reported as the mean mechanical 
resistance of the inspiratory and expiratory phases of the 
respiratory cycle. In addition, vital capacities were de- 
termined with a Benedict-Roth type spirometer, maxi- 
mal breathing capacities with a low resistance Rudolph 
valve and a Douglas bag during a 15-second period, and 
residual volume and intrapulmonary mixing by Darling’s 
seven-minute nitrogen washout method. These tests were 
carried out in the sitting position. Arterial blood gases, 
obtained from the brachial artery, were determined with 
the van Slyke technic, pH with a Cambridge Research 
Model pH Meter and pCO, by Hasting and Singer’s 
Nomogram. 

The first group of patients consisted of twelve subjects 
whose predominant disease was chronic pulmonary 
emphysema. The second group was composed of vari- 
ous cardiopulmonary diseases. Each patient was studied 
in at least two positions at slow and rapid respiratory 
rates. The rates were selected according to the condi- 
tion of the patient. The physical characteristics of the 
patients together with their diagnosis and the results of 
routine pulmonary function tests appear in Tables Ia and 
Ib. Patients M. N. and H. P. were studied on two sepa- 
rate occasions during different degrees of disability. 


1 Research Feliow in Medicine, Tufts University School 
of Medicine. 


RESULTS ” 


The results are presented in Tables II, III, IV 
and V. 


1. Patients with chronic pulmonary emphysema 
studied in the supine, sitting and prone posi- 
tions 


The end expiratory pressures are as a rule 
highest in the supine position and lowest in the 
sitting position. However, because of the con- 
siderable variation of the individual results, the 
difference of the means is not statistically signifi- 
cant. 

Compliance values are lower in the supine and 
sitting positions as compared to the previously re- 
ported normal group whereas the values for the 
prone position are generally higher. With the ex- 
ception of the prone position, the differences of the 
means are significant at the 1 per cent level. The 
compliance is lowest in the supine position, rises 
considerably in the sitting position and remains 
high in the prone position. These differences are 
significant at the 5 per cent level. In all positions, 
there is a marked decrease of compliance with in- 
crease in the respiratory rate; the greatest drop 
occurs in the supine position. 

Mechanical resistance is significantly higher dur- 
ing expiration than during inspiration in all posi- 
tions and at all respiratory rates. Both expira- 
tory and inspiratory resistances are highest in the 
supine position and show a considerable drop in 
the sitting position. The values in the prone posi- 
tion are usually between these two extremes. 
There is no significant difference between the re- 
sistance values in a given position at different re- 
spiratory rates. As compared to the normal 
group, inspiratory resistance is, on the average, in- 


2 The statistical analysis has been carried out by the 
methods described in the first paper (1). 
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TABLE Ia 
Patients with chronic pulmonary emphysema 








Intra- Arterial blood 
pulmonary 
TC mixing O: sat. 





™ B.C. 


v.c. M. RV/ 
Patient Diagnosis (ml.) (L./min.) (%) (N2 %) pH (%) pCO: 





N.S. Chronic pulmonary 3,000 7.39 85.2 54.0 
emphysema, secondary 
polycythemia 
A.A. Chronic pulmonary 2,000 7.39 84.3 40.0 
emphysema 
W. L. Chronic pulmonary 1,900 7.42 76.5 50.0 
emphysema P 
J.S. Chronic pulmonary 3,410 : 741 83.9 44.0 
emphysema, hyper- 
tension 
M. P. Chronic pulmonary ‘ 3,000 y 7.28 67.7 60.0 
emphysema, respira- 
tory acidosis 
Chronic pulmonary ‘ 3,320 
emphysema, cor 
pulmonale 
Chronic pulmonary A 2,690 
emphysema, cor 
pulmonale 
Chronic pulmonary 3 3,170 100.0 
emphysema, kyphosco- 
liosis, polycythemia 
Chronic pulmonary I : 2,955 51.2 
emphysema, chronic 
bronchitis 
Same as above 2,200 47.0 


Chronic pulmonary 4,230 115.0 
emphysema 

Chronic pulmonary 2,340 50.0 
emphysema 





TABLE Ib 


Patients with various cardiopulmonary diseases 








— Arterial blood 

pulmonary 
V.c. -B.C. RV/TC mixin 

Patient Diagnosis (ml.) (L./min.) (%) (N2 ra) 


R. W. Chronic bronchial 4,400 
asthma 
Chronic bronchial 3,600 114.0 7.37 
asthma, chronic 
pulmonary emphysema 
Same as above 





O: sat. 
pH (%) pCO: 





2,500 73.0 60 6.0 
2,700 43.3 47.4 3.8 


A 


Chronic bronchial 
asthma, chronic 
pulmonary emphysema 

Scleroderma 

Left pneumonectomy for 
bronchial carcinoma 

Aneurysm of aorta with 
atelectasis of left lung 

Calcified right pleura 

Pleurisy left 

Cardiac failure, pleural 
effusion right 

Mitral stenosis 


2,300 58.0 49 6.2 
2,500 35.0 50 13.5 


1,530 52.0 56 19.6 
2,760 66.0 47 3.46 
2,700 114.0 

2,500 46.7 


4,700 132.2 


= £55 & B™ 
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TABLE II 


Mechanics of breathing: Results in twelve patients with chronic pulmonary emphysema in supine, 
sitting and prone positions during slow and fast respiratory rates 








Respiratory rate 





Supine Sitting 





Patient 


SR 


FR 


Tidal volume 
(ml.) 





Supine Sitting 


SR 


FR 


SR 





W“EEESPEPEWEPZ 
PaAZZzraralrnryn 


K 
8 
fo] 


24 
15 
15 
27 
22 
15 
20 
17 
18 
18 
23 
17 


40 


60 
55 
55 
85 
75 
95 
125 
80 


19.3 73 


21.5 80 


460 
460 
550 
486 
700 
630 
770 
650 
550 
730 
460 
430 


575 


840 


150 
370 
280 
550 
510 
285 
325 
900 


445 


520 
560 
615 
600 
775 
490 
770 
615 
565 
876 
450 
520 


615 








Patient 


Intraesophageal end expiratory pressure 
Hx) 


(cm. 





Supine 


Sitting 


Prone 





SR 


FR 


SR 


FR 


SR 


Compliance 
(L./om. HO) 





Supine 


Sitting 





SR 


FR 


SR 


FR 





N.S. 
A. A. 
W. L. 
j.s. 
M. P. 
A.R. 
W. G. 
A.B. 
M. N. 
M.N. 
M.S. 
J.S. 


= 
8 
5 


—2.0 
—1.5 
0 
—5.4 
—0.5 
+0.2 
—0.4 
—1.6 
—3.2 


—0.7 


| 
RoR OS Roe be sr 


| 
SNIBHONSONOHWN 


+ 
to 
Oo 


—3.3 


n 


1 | 
Nm SNROMFWOMws 
CS BO FFP WOROOCOO 


—6. 
—6. 

0 
—0. 
—6. 
—4, 


—0.2 
—2.0 
—3.3 


0.072 
0.110 
0.029 
0.072 
0.148 
0.139 
0.132 
0.092 
0.124 
0.111 
0.118 
0.067 


0.101 


0.064 


0.018 
0.022 
0.090 
0.050 
0.095 
0.072 
0.078 
0.040 
0.065 
0.025 


0.056 


0.110 
0.120 
0.075 
0.134 
0.270 
0.195 
0.170 
0.100 
0.215 
0.186 
0.196 
0.110 


0.157 


0.034 
0.061 
0.155 
0.110 
0.154 
0.092 
0.165 
0.062 
0.066 
0.064 


0.096 


0.134 
0.270 
0.233 
0.235 
0.090 
0.262 
0.158 


0.068 
0.181 


0.078 
0.180 
0.163 
0.088 
0.081 
0.173 
0.052 


0.044 
0.108 








Patient 


Mean mechanical resistance during inspiration 
(cm. HxO0/L./sec.) 





Supine 


Sitting 


Prone 





SR 


FR 


SR 


FR 


SR 


FR 


Mean mechanical resistance during expiration 


Supine 


(cm. H1xO0/L./sec.) 





Sitting 


Prone 





SR 


FR 


SR 


FR 


SR 


FR 





rey 


=PEa“SP2 
a) ee: 


1. (ID* 
(Dt 


. 


2> 
ZZPAP 


NaN 


“EE 
Pa 


= 
o 
ie) 
= 


9.00 
6.95 
38.80 
10.10 
6.80 
10.20 
9.05 
5.33 
9.36 
6.60 
4.20 
8.00 


10.40 


6.10 


29.00 
10.30 
10.70 
8.90 
7.20 
3.48 
8.75 
5.65 
3.10 
8.25 


9.20 


5.10 
4.35 
16.60 
4.90 
7.30 
5.20 
7.60 
3.22 
4.90 
6.70 
2.20 
4.75 


6.05 


21.20 
7.85 
41.75 
48.00 
13.40 
15.15 
9.00 
9.60 
13.80 
9.50 
3.85 
8.00 


16.80 





* First study. 
+ Second study—two months later. 


8.30 


76.00 
27.00 
15.85 
14.50 
20.00 
4.90 
8.40 
7.75 
5.60 
17.80 


18.75 


4.67 
6.10 
34.20 
11.78 
10.00 
13.90 
10.90 
4.11 
8.80 
6.00 
2.10 
3.20 


9.65 


31.50 
12.20 
14.20 
11.55 
11.90 
2.94 
4.55 
7.23 
2.25 
5.40 


10.40 


9.00 
14.70 
19.65 

5.45 

5.19 

6.44 

6.45 


6.70 
9.20 


7.77 
16.90 
11.10 

3.70 

3.35 

5.65 

5.55 


16.00 
8.75 








BODY POSITION AND THE MECHANICS OF BREATHING 915 


creased three times and expiratory resistance five 2. Patients with various cardiovascular diseases 
times (significant at 0.1 per cent level). Similar (studied in supine, sitting and prone positions) 
differences between normal subjects and patients Compliance values are significantly lower and 
with chronic pulmonary emphysema have been re- __ resistance values significantly higher than in the 
ported by others (2-6). normal group. Even though this group covers a 


TABLE III 


Mechanics of breathing: Results in patients with various cardiovascular diseases in supine, 
sitting and prone positions during slow and fast respiratory rates 








Tidal volume 
Respiratory rate (ml.) 








Supine Sitting Supine Sitting 








Patient s SR FR SR FR 


R. W. 710 300 960 545 870 385 
400 375 570 485 423 338 
490 450 510 384 530 528 
520 380 490 330 
610 450 410 550 
670 330 650 350 
550 400 650 600 
490 220 490 370 
780 = 385 820 360 
475 950 656 960 


22.3 71.6 570 = 425 620 493 





> 
) 
e, 
= 


MEITOSSM: 
Corr > ae 


= 
e 
© 
3 








Intraesophageal end expiratory pressure Compliance 
(cm. HO) (L./cm. HO) 





Supine Sitting Prone Supine Sitting Prone 











Patient F F SR FR SR FR SR FR SR. FR SR FR 


—3.8 —5.5 0.110 0.068 0.150 0.130 0.130 0.100 
+1.0 +5.1 0.052 0.025 0.083 0.021 0.092 0.024 
—5.0 —5.3 0.058 0.057 0.060 0.056 0.068 0.056 

0.045 0.029 0.060 0.031 

0.145 0.080 0.086 0.104 

0.105 0.084 0.142 0.141 

0.165 0.133 0.202 0.224 

0.090 0.047 0.125 0.075 

0.107 0.058 0.136 0.055 

0.076 0.070 0.107 0.118 


—2.6 : 0.095 0.065 0.115 0.096 0.097 0.060 





+) it] 


Es 
SS PoP sarah eS . 
oo 


RB Se eeeea 


_ 


Fe te ee ee ae 


+2.0 
0.8 


~ OMOAMEM OWMmMts 
- SGNSOSUSONUNOR 
GF DMAP NNWOMN MH 
ce SNOUNDNION 








Mean mechanical resistance during inspiration Mean mechanical resistance during expiration 
(cm, H2O/L./sec.) (cm. HxO/L./sec.) 








Supine Sitting Prone Supine Sitting Prone 
Patient SR FR SR : SR FR SR FR FR SR FR 


7.25 6.80 4.50 5. 6.35 7.90 7.25 69 , 5.30 6.40 8.30 
12.20 6.50 10.30 8. 22.80 10.10 19.30 9. : 12.10 14.00 10.10 
6.80 8.90 5.20 3. 4.70 4.90 10.65 9. 40 5.80 6.15 7.30 
13.00 12.50 9.20 8. 13.60 17. , 9.70 
3.18 2.41 2.20 3. 6.80 4. “ 3.27 
5.70 3.10 1.75 1. 10.60 5. , 2.63 
3.25 3.65 2.80 1. 4.25 3. ; 1.62 
7.20 5.70 3.90 3. 9.65 8. 4 4.40 
10.90 8.90 12.40 9. 21.80 12. : 17.00 
6.70 3.70 5.55 3. 9.00 4. : 4.10 


7.62 6,22 5.78 4. 7.63 11.29 8.1 . 6.59 

















* First study. 
t Second study—one month later. 
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TABLE IV 


Mechanics of breathing: Results in five patients in supine, sitting and head down positions 
during slow and fast respiratory rates 








Respiratory rate 





Supine Sitting Head down 


FR SR 





Tidal volume 
(ml.) 





Sitting 
SR FR 


Supine 
SR 





SR FR 





185 20 
80 20 
24 

15 

10 


17.8 


685 
325 
330 
320 
1,130 


558 


520 
650 
585 
1,000 
730 


698 


450 870 
867 454 
490 370 
820 360 
655 960 


656 603 


460 
730 
490 
780 
475 


587 








Patient 


Intraesophageal end expiratory pressure 
(cm. Hx) 





Supine 


Sitting 


Head down 


Compliance 
(L./em. H2O) 





Sitting 


Head down 








SR 


FR 


SR 


FR 


SR 


FR 


SR FR 


SR FR 





M.S. 
M.N. (II) 
H. P. (II) 
M.G. 

J. Q. 


+0.25 
+0.20 
—2.50 
+0.60 
—2.00 


+3.00 
—0.75 
—4.50 
—2.00 
+2.00 


— 10.00 


6.00 —2.50 
i 

6.00 —6.00 
1.50 —1.20 
—8.00 


5.00 —3.50 


+0.50 
+1.40 
— 1.00 
+1.20 
+1.50 


+1.50 
+1.10 
0 
—1.20 
+6.00 


+1.50 


0.196 0.066 
0.186 0.062 
0.125 0.075 
0.136 0.055 
0.107 0.118 


0.150 0.075 


0.231 0.050 
0.105 0.040 
0.095 0.052 
0.103 0.041 
0.086 0.062 


0.124 0,049 


ean —0.70 -045 — +0.70 








Mean mechanical resistance during inspiration 
(cm. HxO/L./sec.) 


Sitting 





Supine Head down 





Patient SR FR SR FR SR FR 


Mean mechanical resistance during expiration 
(cm. Hx0/L./sec.) 





Head down 
FR 


Sitting 
SR 


Supine 
SR FR 





SR 





2.95 1.75 
7.80 4.50 
4.35 6.20 
9.90 8.40 
5.35 4.00 


6.07 4.97 


2.20 2.16 
6.70 3.45 
3.90 3.70 
12.40 9.50 
5.55 3.10 


6.14 4.38 


S. 4.20 3.10 
M. N. (II) 6.60 5.65 
H. P. (II) 7.20 5.70 
M.G. 10.90 8.70 
J.Q. 6.70 3.70 


ean 7.09 5.36 


2.20 
8.50 
6.55 
18.40 
6.70 


8.47 


2.15 
7.80 
6.85 
10.50 
4.70 


6.40 


60 2.10 
75 6.00 
45 5.65 
00 17.50 
25 7.90 


7.83 


3.85 
9.50 
9.65 
21.80 
9.00 


10.76 7.61 


5. 
7. 
8. 
12. 
4. 





variety of diseases, the response to positional 
changes is essentially the same as in the chronic 
pulmonary emphysema group. However, some 
interesting differences have to be pointed out. 
While in chronic pulmonary emphysema, a change 
in respiratory rate produces a significant drop of 
compliance in all positions, in this group it occurs 
only in the supine position. In addition, there is 
a significant difference in inspiratory resistance at 
different respiratory rates in the supine position, 
and in expiratory resistance in the supine and sit- 
ting positions. The results of the prone position 
in this group are not suitable for statistical analy- 
sis because of the small number of subjects. 


3. Head down position 


The five patients studied in the head down 
position (lying on the back at an angle of approxi- 


mately 20 degrees) were selected from both pa- 
tient groups. Compared with the supine position, 
the end expiratory pressure is found increased in 
all; with one exception, compliance is essentially 
equal and the resistance values are somewhat 
lower. However, only the difference in expiratory 
resistance is statistically significant. There is a 
significant decrease of compliance with increase in 
the respiratory rate in the head down position. 
Our results do not confirm the claim that the 
head down position is an important method for im- 
proving the ventilation in chronic pulmonary 
emphysema (7). 


4. Lateral position 


The six patients of this group were all expected 
to show some unilateral dysfunction. It is re- 
alized, however, that the latter could not be quan- 
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titatively evaluated without bronchospirometry. 
This does not invalidate the results which are in- 
terpreted on the assumption that intraesophageal 
pressure differences express the result of the in- 
trapleural pressure differences on both sides. If 
the diseased side lies below, the end expiratory 
pressure is higher than if the healthy side lies be- 
low ; the values for the supine position are usually 
somewhere between the two. In the four cases 
where simultaneous intrapleural and intraesopha- 
geal pressures were taken, the intrapleural com- 
pliance tended to be somewhat lower than the in- 
traesophageal compliance if the patient was lying 
on the diseased lung and considerably higher if he 
was lying on the healthy side. However, the di- 
rection of change was the same for intrapleural 
and intraesophageal measurements. It must be 
kept in mind that during inspiration the hydro- 
static pressure of a pleural effusion tends to fall 
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because of the increase in thorax volume, thereby 
increasing the total pressure difference. This 
would lead to an apparent decrease of compliance, 
more marked in intrapleural measurements than 
in intraesophageal measurements, while mechani- 
cal resistance would increase. This is probably a 
minor factor in the supine position, where the dif- 
ferences in intrapleural and intraesophageal com- 
pliance are small. Both intrapleural and intra- 
esophageal compliances are higher when the 
healthy lung is below as compared to the diseased 
lung below. There is no significant change in 
compliance with change in the respiratory rate. 
Mechanical resistance is higher during expiration 
than during inspiration in both lateral positions, 
but the differences are less marked when the 
healthy lung is below. Both inspiratory and ex- 
piratory resistance are lower in the healthy side 
down as compared to the diseased side down posi- 


TABLE V 


Mechanics of breathing: Results of six patients in supine, sitting and two lateral positions 
during slow and fast respiratory rates 











Respiratory rate 





Sitting 











Patient 


Tidal volume 
(ml.) 





D. Lat.* 
SR FR 


Supine Sitting 











18.6 80.4 66.6 20.5 67.6 


550 
500 
750 
630 
390 


558 








Intraesophageal end expiratory pressure 
(cm. HO) 





Supine Sitting D. Lat.* 





Patient SR FR SR 


Compliance 


(L./em. HO) 
D. Lat.* 
SR 





Sitting 








z.C. +1.8 +0.9 
W.F. -0.8 +4.0 
B.B. —2.0 —6.2 
H..T, 0 —1.2 
G.A. +1.5 +1.0 
A.A. +2.5 +3.0 


+0.5 +0.5 


+1.1 


Mean —0.5 —0.9 


0.089 0.121 








Mean mechanical resistance during inspiration 
(cm. H2xO/L./sec.) 





Supine Sitting D. Lat.* H., Lat.t 





SR 


Mean mechanical resistance during expiration 
(cm. H2O/L./sec.) 


D. Lat.* 





Supine H. Lat.t 


SR FR 


Sitting 
SR FR SR FR 








2.18 

3.18 

[A 5.70 
A. A, 4.75 
Mean 5.05 


2.32 
3.45 





* Lateral position: Lying on diseased side. 
+ Lateral position: Lying on healthy side. 
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Ficure 1 


Change in compliance due to unequal distribution of air (sitting position with inspiratory pause and change 


of mid-position with respiratory rate). 
of heart beats. 
with zero air flow. 


tion. However, the scatter of the individual 
scores is quite large and the differences are not 
statistically significant as compared to the supine 
position. 


DISCUSSION 


The overall changes in the mechanics of breath- 
ing in the supine, sitting and prone positions for 
both groups of patients are essentially the same as 
for the normal group previously described. 

There is, however, one essential difference be- 
tween the two patient groups and the normal 
group. The normal subjects do not show any 
change in compliance or resistance with an in- 
crease in the respiratory rate. The chronic pul- 
monary emphysema group shows a marked drop 
of compliance with an increase in rate in all posi- 
tions, while the resistance values remain essen- 
tially the same. The group with various cardio- 
pulmonary diseases reveals a significant drop of 
compliance in the supine and prone positions, a 
significant drop of inspiratory resistance in the 
supine and of expiratory resistance in the sitting 
and supine positions. The dependence of com- 
pliance upon respiratory rate is shown in Figure 


Change of end inspiratory pressure during the pause with transmission 
At a, glottis closure and change of intraesophageal pressure due to action of expiratory muscles 


1 where compliance decreases with an increase of 
respiratory rate. This is usually explained on the 
basis of unequal ventilation (6, 8,9). During in- 
creased respiratory rates, a smaller total volume 


change occurs per given pressure. In view of the 
fact that under these conditions a time element in- 
fluences the compliance, the latter is no longer a 
pure expression of the elastic properties alone if 
measured by the described method. In an elastic 
system, the response to a force depends only on 
the magnitude of the force applied while in a vis- 
cous system, the response depends on the duration 
of the time during which the force is applied (10). 
According to Mount (11), part of the elastic ele- 
ment of the lungs is in series with a variable tis- 
sue deformation resistance which confers time de- 
pendency upon the elastic properties of the lung. 
The changes of compliance with different re- 
spiratory rates and different body positions, are 
shown together with the results of the seven-minute 
nitrogen washout in the supine (Figure 2) and in 
the supine and sitting (Figure 3) positions. 

It will be seen that, in general, low compliance 
values go together with high intrapulmonary mix- 


ing indices. Inasmuch as most of these patients 

































tend to have an increased respiratory rate even 
under basal conditions, it is conceivable that the 
“basal” compliance which we obtain is already 
reduced and would be considerably higher if 
measured under static conditions. Furthermore, 
the nitrogen washout method tends to give too 
favorable a picture in hyperventilating subjects. 
These two factors could explain why this correla- 
tion is not perfect. 

From our results it would seem that the supine, 
head down and lateral positions require more ef- 
fort for the breathing process than the sitting and 
prone positions. They also are accompanied by 
poorer intrapulmonary mixing. Such changes 
become important in the patient with pulmonary 
insufficiency where minimal additional efforts may 
suffice to produce a severe and embarrassing pic- 
ture (CO, narcosis, atelectasis, drug addiction, 
etc.). The striking relief of dyspnea which can 
be observed in many patients assuming the sitting 
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position may also be explained by the improved 
mechanics of breathing noted in this position. 


SUMMARY 


1. Studies in the mechanics of breathing in a 
group of patients with chronic pulmonary emphy- 
sema and a group of patients with various cardio- 
pulmonary diseases are reported. Compliance and 
mechanical resistance were measured during slow 
and fast respiratory rates in the supine, sitting, 
prone, head down and lateral positions. 

2. Both patient groups showed lower mean 
compliance and considerably higher mean me- 
chanical resistance than the normal group. Ex- 
piratory resistance was considerably higher than 
inspiratory resistance in both patient groups. 

3. The positional changes were in the same di- 
rection as noted in the normal group. Compliance 
was lowest in the supine and highest in the sitting 
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BODY POSITIONS AND (2) INTRA-PULMONARY MIXING (%N2) IN THE SITTING POSITION IN 


TWELVE PATIENTS WITH PULMONARY DISEASE 
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COMPLIANCE 
L/CM H20 


ee 
\ 


J.S.,MALE,48 YEARS 
CHRONIC, PULMONARY EMPHYSEMA 
V.C. R.V. RV. LP, Mixing 
(c.c.) (cc) TLE N2 
Sitting 2719 4325 59% 15% 
Supine 173% 5552 75.2% 17.2% 


0.1 § 


RESP. RATE 





100 


A.De W., FEMALE, 5! YEARS, 
v.c. R.V. 
(ec) (c.c) 
Sitting 2298 2218 
Supine 1727 2058 


SCLERODERMA 
RV LP. Mixing 
T.L.C. Neo 
49.1% 6.2% 
54.4% 1.4% 








T RESP. RATE 
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RELATIONSHIPS OF RESIDUAL VOLUME (R.V.) AND INTRA-PULMONARY MIXING (1.P.MIXING %N2) 
WITH CHANGE IN COMPLIANCE DURING INCREASING RESPIRATORY RATE IN DIFFERENT 
BODY POSITIONS IN TWO PATIENTS WITH PULMONARY DISEASE. 


Ficure 3 


position and mechanical resistance was highest in 
the supine and lowest in the sitting position. The 
prone position compared favorably with the sitting 
position while the head down and lateral were 
nearer the supine position. 

4. Patients with predominantly unilateral dis- 
ease showed in general a lower compliance and 
higher resistance when lying on the diseased side 
as compared to lying on the healthy side. 

5. In both patient groups there was a marked 
drop of compliance with increase in the respira- 
tory rate in all positions studied. The drop in 
compliance was smallest in the sitting position. 
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There are at least two problems in estimating 
the volume of a body fluid compartment. First, 
a substance must be found which is distributed in 
the volume to be measured, and second, a method 
must be made available which will measure the 
distribution of the substance. In the literature, 
substance and method are rarely, if ever, sepa- 
rated. Kruhoffer (1), for example, states that an 
ideal indicator of the extracellular fluid space 
should possess the following properties: “1 ) When 
sufficient time has elapsed for complete distribu- 
tion the material must be found everywhere in the 
extracellular fluid and exclusively there and the 
concentrations of it must be uniform throughout 
the interstitial fluid and throughout plasma water, 
the ratio between the concentrations in the two 
compartments being a known fixed figure. 2) It 
must not be eliminable from the extracellular space. 
3) It must not possess so high an osmotic pressure, 
that it causes a perceptible displacement of water 
from the intracellular to the extracellular space. 
4) not to be toxic.” When complete distribution 
has been attained for a non-electrolytic indicator of 
this kind, the extracellular fluid volume may be 
calculated as follows: 


Extracellular Volume 
wl quantity injected 
~ concentration in plasma water 





Since the simple dilution method is being used, 
the substance must be uniformly distributed and 
remain in the extracellular space. Kruhoffer fur- 
ther states that, for substances administered in a 
single dose, the replacement of the quantity in- 
jected by the quantity injected minus the quantity 
excreted in the urine is not without error—“In 
such a procedure, on account of the continuous 
excretion, an equilibrium between the concentra- 


1 Present address: Department of Surgery, Manhattan 
Veterans Hospital, 408 1st Avenue, New York, New York. 
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tions of the indicator substances in plasma and 
interstitial fluid is never attained.” To establish 
an equilibrium, Kruhoffer felt that two methods 
could be used: “1) After a large initial dose the 
substance might be administered by steady, con- 
tinuous infusion to keep the plasma concentration 
constant until distribution was complete. 2) The 
organs of excretion (the kidneys) might be re- 
moved prior to administration.” It is clear that 
equilibrium, as used by Kruhoffer for a non-elec- 
trolyte, means constant and equal concentrations 
of the indicator in both the interstitial fluid and 
plasma water. Whether or not such an equilib- 
rium is obtained by either nephrectomy or a con- 
tinuous infusion is difficult to prove by experimen- 
tation. It is evident that the simple dilution 
method has determined, to a certain extent, what 
the behavior of the substance should be in the body. 

Guadino and Levitt (2) further defined an ideal 
substance for measuring extracellular fluid as one 
which distributed fairly rapidly and uniformly, 
and was eliminated slowly from the body. Fur- 
thermore, they felt that a substance such as inu- 
lin, which is rapidly excreted by glomerular fil- 
tration, is prevented from being uniformly dis- 
tributed throughout the extracellular space after a 
single injection. These authors utilized the con- 
stant-infusion method for estimating the volume 
of the extracellular fluid, and again the method dic- 
tates the required behavior of the indicator. Fun- 
damentally, the purpose of the constant infusion 
is to obtain uniform distribution of the substance 
between all compartments of the extracellular 
space. More exactly, since only the plasma con- 
centration can be measured readily, the aim is to 
obtain the same concentration of the indicator in 
the interstitial and the intravascular spaces and 
to maintain this equal concentration over a long 
enough period so that it can be measured. Obvi- 
ously, this cannot be done with a single injection 
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because the indicator concentration is constantly 
changing in both compartments. However, this 
does not mean, as repeatedly reported (2-5), that 
a single injection of a substance cannot be used 
to measure the “extracellular volume.” Most 
probably, a single injection cannot be used if the 
calculation for the volume of distribution of the 
indicator is made on the basis of the constant-in- 
fusion method. The method which is used to de- 
termine the distribution of the substance must 
necessarily take into account the behavior of the 
substance after it has been introduced into the 
body. With the constant-infusion method, equi- 
librium is indicated by a constancy of the plasma 
concentration of the indicator, and the error in- 
volved in assuming uniform distribution of the 
indicator may well be insignificant. 

Another commonly used _ single injection 
method for estimating the volume of distribution 
of substances is the extrapolation method, as used, 
for example, by Cardozo and Edelman (6). Se- 


rum concentrations are plotted semi-logarithmi- 
cally against time and the “equilibrium” concen- 
tration is obtained by extrapolation to the time 


of commencement of infusion (zero time). Theo- 
retically, the method can only be used with sub- 
stances which have a constant clearance from the 
time of the injection. Newman, Bordley, and 
Winternitz (7) assumed constant clearance of 
the substance in deriving the equation which re- 
lates the volume of distribution of a non-metabo- 
lized substance to the renal clearance and the time 
decrement of the natural logarithm of the plasma 
concentration. Again, the method severely re- 
stricts the permissible behavior of the substance. 

The purpose of this communication is to intro- 
duce a single injection method, given the name of 
the constant-change method, for calculating the 
apparent distribution of substances in an intact 
animal. The method is independent of the amount 
of indicator injected, and from the theoretical 
point of view, does not require that the substance 
be uniformly distributed in the fluid compartment 
which is being measured and, thus treats the 
plasma and interstitial concentrations of the indi- 
cator as being unequal and constantly changing. 
The method has been compared directly with two 
single injection methods, the simple dilution (with 
excretion) and extrapolation methods, and with 
the constant-infusion method. Inulin was used 
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as the indicator in man, and simultaneously in- 
jected mannitol and sucrose was used in dogs. 
The method has been found to be superior to the 
other single injection methods, and at least equal 
to the constant-infusion method. An attempt has 
been made to define steady state conditions be- 
tween plasma and interstitial fluids after a single 
injection of an indicator. 


THEORETICAL CONSIDERATIONS 


The derivation of the general equation used for the esti- 
mation of one fluid compartment will be considered first. 
Then, similar equations for dealing with two or more com- 
partments will be developed. 

1. One compartment: If a given amount of a substance, 
A, is injected into a fluid volume, V, and U is the loss of 
the substance from the volume (Figure 1a), then the 
amount of substance injected must be equal to the amount 
of substance in the volume plus that which has been lost. 
Thus, if no substance is created or destroyed, then 


A=CV+U (1) 


where C equals the average concentration of the substance 
in volume V. If now one differentiates with respect to 
time, 
dC , dU 
«V5 4+ = 
4 dt + dt (2) 


_ dU/dt 
dC/dt 


(3) 
or 


Instantaneous rate of change of U with time 
Instantaneous rate of change of C with time 





Volume = 


2. Two compartments: The above volume, V, is now 
divided into two compartments, Vi and V2, which are 
separated by a permeable membrane so that V:2 is about 
three times larger than V; (Figure 1b). The substance A 
is injected into volume V; and distributes into volume V%. 
At any time after the injection of the indicator, the con- 
tinuity equation becomes 


A = GV; + C2V2 + U (4) 


where 
A = amount of substance injected into compartment Vi; 
C, = average concentration of the substance in com- 
partment Vj; 
C: = average concentration of the substance in com- 
partment V2; 


U = amount of substance lost from the volume. 


An expression must be obtained for the total volume, 
Vi+ V2. So to equation (4) add and subtract the quan- 
tity CiV2, 

A = CiV; + C2V2 + U + CiV2 -— CiV2 
and regroup the terms, so that 

A = C,(Vi + V2) + V2(C2 — Ci) + U 
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Now, differentiating with respect to time, one obtains, 


Dy a, dU 
“i + Vea (Ce — C)) +a 


0 = (Vi + V2) 
Vee (C2 — Ci) +2 
dt dt (5) 
dC,/dt 


If C2, dU/dt, and dC,/dt cannot be measured, certain 
simplifying assumptions must be made in order to obtain 
a useful equation. The quantity (C2 — C,) may be as- 





Vit Vi = - 


sumed to remain constant, then the term Vi (C2 — Cy) 


becomes zero. In other words, if the difference in the 
concentrations of the substance in volumes V; and V; re- 


; d 
mains constant, the term Via: (Cz — Ci) becomes zero 


because the derivative of a constant is zero, and the ex- 
pression becomes 

_  dU/dt 

i dC,/dt (6) 


or 


Total _ Instantaneous rate of change of U with time 
Volume ~ Instantaneous rate of change of C, with time 





It should be noted that, in assuming that C2. — C, re- 
mains constant, the constant may vary from zero to infin- 
ity. If the constant is zero, then C2 = Cy, and this would 
indicate that uniform distribution of the indicator is 
assumed. However, the most general assumption would 
be that Cz — C,; equals something other than zero. 

3. Three compartments: If the volume were divided into 
three compartments, V;, V2, and V3, by permeable mem- 
branes the equation would become 


A = Gi + C2V2 + C3V3 + U 


If one now adds and subtracts CiV3 as well as CiV2 and 
differentiates, then 


0= (Vit Vet V) 4 Ve Cr - C) 


d dU 
+ Vig (C, — Ci) += 


Now, if the difference in the concentration of the sub- 
stance in volumes V; and V; is constant, then (C; — C;) 
becomes zero. And as above if (Cz — Ci) again becomes 
zero, then 
_ _ dU/dt 
VitV2+Vs = dG,/dt (7) 


or 


Total _ Instantaneous rate of change of U with time 
Volume ~ [Instantaneous rate of change of C: with time 





4. Practical application of the theory: Since one cannot 
measure the instantaneous rates of change of U and C 
with time, Equations 3, 6, and 7 are not in a useful form. 
One must make further simplifying assumptions, without 
deviating significantly from the theory, in the hope of 
obtaining a practical equation. 


























Fic. 1. a) ONE CoMPARTMENT 


A equals the amount of substance injected into vol- 
ume V. U is the loss of substance from V, and the aver- 
age concentration of the substance is C. 


b) Two CompaRTMENTS, V, AND V, SEPARATED BY A 
PERMEABLE MEMBRANE 


The average concentrations of the substance in each 
compartment is C, and C,. 


Let us consider inulin as an indicator which is distributed 
in two phases of the extracellular fluid. Referring to 
Figure 1b, the following is defined: 


A = amount of inulin injected into volume V; in mg. 

V2 = interstitial volume in cc. 

Vi = intravascular volume in cc. 

C, = average plasma concentration of inulin in mg. per 
cent. 

C: = average interstitial concentration of inulin in mg. 
per cent. 

U = urinary excretion of inulin in mg. 

Vec = Vi + V2 = volume of distribution of inulin. 


After a single intravenous injection of inulin, the plasma 
inulin concentration versus time curve has the form shown 
in Figure 2, and the total urinary inulin excretion versus 
time curve has the form shown in Figure 3. Moreover, 
by measuring the plasma volume and the “extracellular 
volume” (volume of distribution of inulin) the virtual 
interstitial concentration of inulin may be calculated (4), 
and related to the plasma inulin concentration (Figure 2). 
It is important to note that soon after the plasma and the 
interstitial inulin concentrations are equal (where the 
curves cross at P) the curves are close together and appear 
to become parallel, with the interstitial inulin concentration 
at a higher value than the plasma inulin concentration. 
Now, referring to Equation 5, the error involved in assum- 
ing that the term (C2 — C;) is constant may not be sig- 
nificant. Most likely, C2 is equal to Ci at some time P, 
then Cz is greater than C; and at infinity both C,; and C2 
are equal to zero. For relatively short intervals of time, 
the two curves may be assumed to be parallel. Equation 6 
may then be considered as an expression for the volume of 
distribution of inulin. This equation is valid only over 
the range of plasma inulin concentrations where the differ- 
ence between interstitial and plasma inulin concentrations 
remains constant, or very nearly constant. This limitation 
in the use of the equation defines an equilibrium condition 
which should exist, or be approached, after a single injec- 
tion of an indicator is given. As in other methods, the 
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Fic. 2. RELATIONSHIP OF THE CALCULATED INTER- 
STITIAL INULIN CONCENTRATION TO THE PLASMA INULIN 
CONCENTRATION, FoLLOWING A SINGLE INTRAVENOUS IN- 
JECTION OF THIS SUBSTANCE AT TIME ZERO 


acceptable behavior of the substance is limited by the 
method. 

If during this period, where the difference between 
plasma and interstitial inulin concentrations is assumed to 
remain constant, the plasma concentration and urinary 
excretion of inulin versus time curves approach a straight 
line, then there will be a small but probably insignificant 
error in assuming linear dependence of plasma concentra- 
tion and urinary excretion with time. By making this 
assumption, the change of plasma inulin concentration 
over a finite period of time may be measured and sub- 
stituted in Equation 6 for the instantaneous rate of change 
of the plasma concentration with time. The change in 
urinary excretion of inulin over the same finite period of 
time can also be measured and substituted in the equation. 
For example, the plasma concentration of inulin is deter- 
mined at 120 and 240 minutes after a single injection (A 
and B, Figure 2), and during this time the excreted inulin 
is measured (A to B, Figure 3). The apparent volume of 
distribution of inulin is then calculated as follows: 


_ Us — Us/Ts — Ta 
Cpa — Ca/Ta — Ta 


Since measurements are made over the same time interval, 
the equation simply becomes: 


V. of D. of Inulin = 





Volume of Distribution of Indicator = aes (8) 
ake 
or 
Urinary excretion of indicator 
V. of D. of pa during time A to B 
Indicator Change in plasma concentration of the 
substance during the’same time interval 





In summary, the measurements should be made during 
the period where there is a constant, or nearly constant, 
difference between interstitial and plasma inulin concen- 
tration. Moreover, in order to follow the theory as closely 
as possible, that portion of the curve which most closely 
approximates a straight line should be used. Any amount 
of inulin is injected intravenously at time zero. At time A 
a blood sample is drawn and‘all urine up to this time is 


discarded. Another blood ‘sample is drawn at time B and 
all urine is collected from time A to B. After the appro- 
priate corrections are made, the volume of distribution of 
the substance is calculated by dividing the urinary excre- 
tion of inulin during the time interval from A to B by the 
change in plasma inulin concentration during the same 
period. It is*not necessary to know how much inulin was 
used because the calculation of the volume of distribution 
of the substance is independent of the amount of inulin 
injected. 

Sample Calculation (see Figures 2 and 3). 

After a single injection of about 4 gm. of inulin, the 
plasma water concentration was found to be 8.5 mg. per 
cent at 120 minutes and 2.5 mg. per cent at 240 minutes 
after injection. During this interval, 890 mg. of inulin 
were excreted in the urine: 


V. of D. of Inulin = ae X 100 = 14.8 liters 
N.B. In the constant-change method there is no need 
for correcting the plasma inulin concentration for the 
plasma inulinoid blank, because only the difference in 
plasma concentration is required for calculating the volume 
of distribution and not the actual values. 


METHODS 


Fifteen experiments on 6 normal healthy male physi- 
cians and 8 experiments on 4 adult mongrel female dogs 
comprise the basis of this report. 

Inulin: Inulin was used as an indicator of the body 
fluid compartment measured in man. The subjects fasted 
from midnight the night preceding the test until the end 
of the experiment. On arising in the morning of the 
test, they emptied their bladders and drank two to three 
glasses of water. Samples of blood and urine were 
taken for the determinations of the concentration of 
inulinoid material. One intravenous injection of inulin 
was given, with the dose accurately measured in only one 
subject. Most subjects received approximately 50 cc. of 
10 per cent inulin. Blood samples were collected from 
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SINGLE INJECTION METHOD 


an antecubital vein at 150, 180, 240, and 270 minutes af- 
ter the injection. The urinary bladder was emptied by 
voiding, spontaneously, three to five minutes after each 
blood sample was drawn. To maintain an adequate 
urine flow, each individual drank 150 cc. of water every 
30 to 60 minutes during the course of the experiment. 
The subjects were lying down throughout the test ex- 
cept for a few moments required to collect a urine sam- 
ple. In a preliminary experiment, blood and urine sam- 
ples were taken continuously every 20 to 30 minutes af- 
ter a single injection of inulin, and the plasma volume 
was also determined, simultaneously, using T-1824 dye. 

Mannitol and sucrose: The volumes of distribution of 
mannitol and sucrose were studied in dogs, anesthetized 
with sodium pentobarbital. The constant-infusion method, 
as described by Deane (8), was used in each of 4 dogs. 
Following a priming dose (1.5 gm. of each substance), 
a constant infusion of mannitol and sucrose (300 mg. 
per cent of each) in normal saline was given at the rate 
of 5 cc. per minute for a period of 2 hours. Three blood 
samples, fifteen minutes apart, were then taken to check 
the constancy of the plasma concentration of the indi- 
cator. After washing out the bladder, a normal saline 
infusion was given at a rate of 2 cc. per minute, and the 
urine was collected for at least 6 hours. Blood samples 
were withdrawn from the jugular vein and an indwelling 
catheter was used to collect the urine. 

The same 4 dogs were used to study the three single 
injection methods. The dogs were anesthetized and 
catheterized, as above. An intravenous infusion of nor- 
mal saline was given at the rate of 5 cc. per minute. Af- 
ter the urine flow became adequate (1 to 3 cc. per minute), 
urine and blood blank samples were taken, and a single 
injection of 5 gm. of sucrose and 5 gm. of mannitol was 
given intravenously within 10 seconds. The saline in- 
fusion was maintained at 5 cc. per minute throughout the 
experiment. Blood samples were drawn at 120, 150, 180, 
and 210 minutes after the injection. Urine samples were 
collected 2 minutes after each blood sample, and the 
bladder was washed out once with saline and air at the 
end of each collection period. 

In all experiments, the subject was weighed at the end 
of the test. A careful record of fluid intake and output 
was kept in the dog experiments. 

Analytical methods: Inulin and sucrose were deter- 
mined by Schreiner’s resorcinol technique (9), mannitol 
by the method of Corcoran and Page (10) and plasma 
volume was estimated by dilution of T-1824 dye using the 
procedure described by Chinard (11). Inulin determina- 
tions were made in duplicate, and mannitol and sucrose 
determinations in triplicate. In the animal experiments, 
plasma concentrations were converted to plasma water 
concentrations by dividing by 0.94. 


CALCULATIONS 


Constant-infusion method: The volumes of distribu- 
tion of sucrose and mannitol, obtained by using the con- 
stant-infusion method, were calculated by using the for- 
mula given by Deane (8). 
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Simple dilution method: After a single injection of an 
indicator, the volume of distribution was calculated as 
equal to the amount of material injected minus the amount 
of material excreted in the urine divided by the plasma 
concentration at any particular time. 

Extrapolation method: The method described by Car- 
dozo and Edelman (6) was used. 

Constant-change method: The method described in this 
paper was used. 

Wherever possible a comparison was made of the re- 
sults obtained by each of these methods. 


RESULTS 


1. The volume of distribution of inulin in man 


Since Equation 8 indicates that the calculation 
of the volume of distribution of a substance is in- 
dependent of the amount of indicator given, a se- 
ries of experiments were performed on the same 
individual using varying amounts of inulin as the 
indicator. Table I summarizes the results of these 
experiments. The subject received from 3008 to 
5000 mg. of inulin on five different days. The 
volume of distribution of inulin by the constant- 
change calculation was found to be 16.2, 16.0, 16.2, 
16.2,2 and 15.6? per cent of body weight. The 

2 Mean values. 
mean value was 16.0 per cent and the standard 
deviation + 0.25 per cent of body weight. 

The same data were used to calculate the vol- 
ume of distribution by the simple dilution and 
extrapolation methods. The results of these cal- 
culations are also given in Table I. In all experi- 
ments the value for the volume of distribution of 
inulin obtained by either the simple dilution or 
extrapolation methods was higher than the figure 
obtained by the constant-change method. The 
simple dilution method indicates that the volume 
of distribution of inulin increases with time (from 
30.3 to 59.2 per cent on 3-15-54). In this series 
of experiments a fair comparison has not been 
made with the extrapolation method, since only 
two values are used for the extrapolation in most 
experiments. 

Table II summarizes the results of 10 experi- 
ments on 5 different individuals who received a 
single intravenous injection of inulin (about 5 
gm.) on two occasions. The volume of distribu- 
tion has been calculated for three time intervals 
(150 to 240, 150 to 270, and 180 to 270 minutes 
after the injection). The mean value of the three 
periods is considered to be the best measure of the 
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TABLE I 


The volume of distribution of inulin in tie same individual using different amounts of inulin 
with a comparison of three single injection methods 








Time 
after 
injec- 
tion of 
inulin 


Cumu- 
lative 
inulin 

in urine 


Inulin 
injected 


Body 


Subject Date weight 


Plasma 
inulin 
conc. 


Inulin volume of distribution 





Constant-change method* 
Extrapo- —_—- 
lation Time 
method intervalt 


Simple 
dilution 
method 





Kg. mg. min. mg. 
73.4 3,008 150 2,110 


P.P.P. 2/22/54 
220 2,350 


mg. % Lit. 
4.79 
2.77 


% BW 
16.2 


min. Lit. 


150-220 11.9 


% BW Lit. 
25.5 
32.4 


% BW 
18.7 


23.8 19.8 27.0 





73.1 3,050 150 2,080 


3/5/54 
240 2,360 


5.00 
2.60 


150-240 11.7 16.0 


20.7 28.2 








73.2 3,150 150 2,130 


3/12/54 
240 2,403 


150-240 11.9 
31.3 





4,226 150 2,810 
180 2,959 
240 3,194 
270 3,276 


3/15/54 


11.6 
11.1 


12.7 


150-240 
150-270 


180-270 





Mean 11.8 





3/17/54 


150-240 11.3 
150-270 11.7 
180-270 11.1 
11.4 





Mean 





Mean of 5 experiments 


LZ 
Range of 5 experiments 1.4 
5.6 


S.D. of 5 experiments 





* Equation 8 was used. 


t Time interval after single injection of inulin used for calculating the volume of distribution of inulin. 


volume of distribution of inulin. A series of three 
experiments (R. H. F., J. E. P., and H. V. B.) 
showed a variation in the volume of distribution 
of inulin of less than one per cent of body weight. 
In one experiment (R.D.Q.) the variation was 
large (2.1 per cent), and the values obtained for 
the (150 to 240) and (150 to 270) time intervals 
differed by more than 15 per cent both on 3-30-54 
and 4-17-54. 

The mean value of the volume of distribution of 
inulin in the six individuals was found to be 18.7 
per cent of body weight with a standard deviation 
of + 1.57 per cent. 


2. The volume of distribution of sucrose and man- 
nitol in dog 


Since Swan, Madisso, and Pitts (12) found in 
nephrectomized dogs that the volume of distribu- 
tion of sucrose averaged 91 per cent (84 to 99 per 
cent) of the mannitol volume, a series of experi- 


ments were designed to determine whether or not 
a similar result would be obtained on intact ani- 
mals. Moreover, the methods used to calculate 
the volume of distribution of a substance could be 
compared. 

Table III summarizes the results of four ex- 
periments on four dogs, which received a single 
injection of 5 gm. of sucrose and 5 gm. of manni- 
tol. Observations of the plasma level of the indi- 
cators were made at 120, 150, 180, and 210 min- 
utes after the injection. The amount of inulin ex- 
creted in the urine was measured at the end of 
each period. It is clear from Table III that the 
simple dilution method never gives a relatively 
constant value for the volume of distribution of a 
substance from 120 to 210 minutes after the single 
injection. The calculated volume of distribution 
of sucrose may vary as much as 162 per cent of 
body weight (Exp. 13, 54.1 to 216 per cent), and 
the calculated mannitol distribution may increase 
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SINGLE INJECTION METHOD 


by 102 per cent of body weight (Exp. 11, 56.0 to 
158 per cent). 

The extrapolation method indicates that the 
volume of distribution of sucrose may vary by 
9.3 per cent (25.1 to 34.4 per cent) in different 
animals, whereas, the mannitol distribution may 
vary by 22.4 per cent of body weight (31.4 to 
53.8 per cent). However, all the values obtained 
by the extrapolation method may not be correct. 
The plotted values of the logarithm of the plasma 
concentration against time must demonstrate line- 
arity within the limits of error of the experiment or 
extrapolation is invalid (6). This requirement 
was not adequately fulfilled in some experiments, 
and the variation in the mannitol distribution may 
indicate that the extrapolation was unacceptable. 
Regardless of the source of error, the fact remains 
that the entire experiment must be repeated in 
order to obtain a single value of the volume of 
distribution of a substance by the extrapolation 
method. 

The volumes of distribution of both sucrose and 
mannitol remained relatively constant during the 
120 to 210-minute period of the experiment. In 
experiment 11, the distribution of sucrose in- 
creased from 3060 cc. (120 to 150 min.) to 3230 
cc. (180 to 210 min), and from 120 to 210 min- 
utes the animal retained 224 cc. of the infusion. 
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This small change in body fluid was not reflected 
in the volume of distribution of mannitol. Until 
further experimentation proves otherwise, the 
mean value of the three periods is considered to 
be the best measure of the volume of distribution 
of the indicator in these experiments. In experi- 
ments 11, 12, and 13 sucrose was distributed in 
a body fluid volume which represented, respec- 
tively, 21.8, 20.7 and 22.2 per cent of body weight. 
In these same experiments, the volume of distribu- 
tion of mannitol was found to be 24.7, 25.5, and 
24.6 per cent of body weight. 

At an earlier date, the constant-infusion method 
was used to determine, simultaneously, the volume 
of distribution of sucrose and mannitol in the four 
dogs of the above experiments. A comparison of 
the volumes of distribution of sucrose and manni- 
tol, obtained by the constant-infusion and con- 
stant-change (single injection) methods, is pre- 
sented in Table IV. In all experiments the con- 
stant-infusion method gave smaller values for the 
distribution of the indicators than the constant- 
change method. The average value for the volume 
of distribution of sucrose was 19.4 per cent body 
weight by the constant-infusion method, and 21.6 
per cent by the single injection method. Manni- 
tol was found to be distributed in a larger body 
fluid volume than sucrose by both methods. The 


TABLE IV 


The volumes of distribution of sucrose and mannitol in dogs obtained by the constant-infusion 
and constant-change (single injection) methods 














Dog A Dog B 


Dog C Dog D Mean values 





Constant Single 
infusion injection 
methodg method 


Single 
injection 
method 


Constant 
infusion 
method 


Constant Single 
infusion injection 
method method 


Constant Single 
infusion injection 
method method 


_ Single 
injection 
method 


Constant 
infusion 
method 





9 12 
10-17-55 10-26-55 


6 11 
10-10-55 10-24-55 
15.3 14.0 16.35 16.3 


4 14* 
10-5-55 11-2-55 
17.3 14.6* 


7 13 
10-12-55 10-31-55 
15.1 14.5 





Sucrose volume of distribution 


3,060 
21.8 


3,370 
20.7 


2,958 3,085 
19.3 18.9 


3,220 
22.2 


2,926 3,450 3,940 
19.4 20.0 


27.0t 





Mannitol volume of distribution 


3,460 
24.7 


3,624 4,160 
22.2 


3,570 4,930 
24.6 33.7f 


3,560 
23.5 





Sucrose /mannitol 


85.8 


88.2 81.2 


82.6 
90.2 





* See note, Table III. 
t Not included in mean. 





930 PETER P. 


distribution of mannitol was 23.3 per cent body 
weight by the infusion method, and 24.9 per cent 
by the single injection method. The volume of 
distribution of sucrose, as a per cent of mannitol 
distribution, was 85.8, 85.1, 82.6, and 80.3 (mean 
83.4) by the constant-infusion method, and 88.2, 
81.2, 90.2, and 80.2 (mean 84.9) by the method 
of constant change. The variation is less by the 
infusion method (80.3 to 85.8) than by the single 
injection method (80.2 to 90.2). 

The results obtained in experiment 14 (Table 
III and IV) are of particular interest in that the 
dog underwent a period of starvation after the con- 
stant-infusion and before the constant-change ex- 
periments were performed. The dog lost 15.6 per 
cent body weight (17.3 to 14.6 kg.). Both the su- 
crose and mannitol volumes of distribution were 
significantly greater than in the “normal” dogs of 
experiments 11, 12, and 13 (27.0 as compared to 
21.8, 20.7, and 22.2 per cent for sucrose and 33.7 
as compared to 24.7, 25.5, and 24.6 per cent for 
mannitol). 


DISCUSSION 


1. Comparison with other methods 


It is difficult to compare the various methods 
used for the estimation of the volume of distribu- 
tion of a substance, because the limitations of each 
method must be carefully considered. Further- 
more, the “ideal” properties and acceptable be- 
havior of the indicator may vary with each method. 
Moreover, after the substance has been introduced 
into the body, the “equilibrium conditions” for 
one method may not satisfy the equilibrium, or 
steady state, requirements of another method. 
Nevertheless, an attempt will be made to com- 
pare the constant-change method with the simple 
dilution, extrapolation, and  constant-infusion 
methods. 

The data presented in Tables II and III indicate 
that the volume of distribution of the indicator, 
calculated on the basis of the simple dilution 
method, does not remain constant or even rela- 
tively constant, between 120 and 270 minutes after 
the start of the experiment. It may be that the 
proper time intervals were not used, or the 
plasma concentrations of the indicator may have 
been too low (mostly below 20 mg. per cent) for 
accurate analysis. Elkinton (13) found that, in 
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a majority of experiments on man, the volume of 
distribution of mannitol remained unchanged be- 
tween 1 and 3 hours, when the plasma mannitol 
concentration was kept relatively high (about 20 to 
80 mg. per cent). He felt that, after 3 hours, the 
analytical error, in determining the plasma level 
of mannitol, was too great to draw any conclu- 
sions. Using Elkinton’s data (13), the volume of 
distribution of mannitol was calculated by the con- 
stant-change method and compared with the values 
obtained by the simple dilution method (Table V). 
Elkinton felt that equilibrium was attained be- 
tween 30 and 60 minutes after a single injection 
of mannitol had been given. Equilibrium was in- 
dicated when the plot of the logarithm of the 
plasma concentration of mannitol against time 
became a straight line, and also, by a constant 
value for the volume of distribution between two 
separate points. Table V shows that the volume 
of distribution of mannitol, during the 120 to 
180-minute interval, by the constant-change 
method remains very constant in one individual 
on three occasions (RE-21.0, 20.7, and 20.7 per 
cent), and fairly constant in another individual 
on two occasions (LG-22.1 and 21.4 per cent). 
Moreover, “equilibrium,” as regards the constant- 
change method, probably was not attained in sub- 
ject RE until 120 minutes, since the values for 
the distribution of mannitol are low and incon- 
stant before this time. Here is an example of the 
meaning of equilibrium changing with the method 
which is used to calculate the volume of distribu- 
tion of the substance. Furthermore, Kruhoffer’s 
definition of equilibrium, constant and equal con- 
centrations of the indicator in both the interstitial 
fluid and filasma water, differs from the above 
and meets the requirements of calculating the 
distribution of a substance by another method. 

The amount of material injected into the body 
must be measured accurately in using the simple 
dilution method, but may be ignored in the con- 
stant-change method (Equation 8 and Table IIT). 
In the simple dilution method, as well as in the 
extrapolation and constant-infusion methods, the 
indicator must be completely excreted or accounted 
for before the distribution of a substance can be 
determined following a second injection. There 
is no such limitation in the constant-change 
method. 

It would not be fair to compare the extrapola- 
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TABLE V 


The volume of distribution of mannitol in two individuals obtained by using three different single injection methods 
(data from literature—Elkinton (13)) 








Volume of distribution of mannitol 





Time 
after 
injec- 
tion of 
mannitol 


Simple dilution 
Subject method* 


weight 


Constant-change method 





Extrapolation 
method Time 
interval 





Kg. min, % BW 

RE-1 30 17.1 
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* Calculated by Elkinton. 


tion and constant-change methods on the basis of 
data presented in Tables II and III since the extra- 
polation, in some experiments, did not meet the 
requirements of the method as described by 
Cardozo and Edelman (6). 

As indicated by Table IV, in all experiments the 
constant-infusion method gave smaller values for 
the distribution of sucrose, as well as mannitol, 
than the constant-change method. A _ possible 
reason for this is that, after the constant infu- 
sion was stopped, all of the indicator in the ani- 
mal was not recovered. Deane (8) states that for 
inulin the urine should be collected for at least 5 
hours in dog, after the infusion is discontinued. 
It would appear that the 6-hour collection period 
used in these experiments should have been suffi- 
cient for recovering all of the sucrose and manni- 
tol, since these substances have a molecular weight 
smaller than that of inulin. It may be that all of 
the injected sucrose and mannitol could never be 
recovered. 


The volume of distribution of inulin in man, 
estimated by the constant-infusion method, has 
been reported as representing 16 per cent of body 
weight (14). The mean value obtained by the 
constant-change method was 18.7 per cent (Table 
II). Again, it appears likely that all of the in- 
jected inulin was not recovered in the infusion 
method. In man, the constant-infusion method 
requires 6 hours of inulin infusion plus 18 to 24 
hours of urinary collection, whereas the constant- 
change method requires about 4% hours, if the 
longest time interval is used. The fact that the 
indicator is rapidly excreted by glomerular filtra- 
tion is an advantage in the constant-change method, 
but a disadvantage in the infusion method (2, 5). 
The time required to determine the volume of dis- 
tribution of a substance by the constant-change 
method is shortened if the substance diffuses and 
is excreted more rapidly. 

The observation that the volume of distribution 
of sucrose is about 80 to 90 per cent of the man- 
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nitol distribution in intact animals, confirms the 
work of Swan, Madisso, and Pitts (12) who 
worked with nephrectomized dogs. Moreover, 
the values obtained for the distribution of sucrose 
and mannitol as a per cent of body weight com- 
pared fairly well. (Sucrose: Intact animals ; mean 
21.6 and range 20.7 to 22.2 per cent. Nephrec- 
tomized; mean 21.3 and range 18.8 to 25.0 per 
cent. Mannitol: Intact animals; mean 24.9 and 
range 24.6 to 25.5 per cent. Nephrectomized; 
mean 22.6 and range 18.7 to 27.2.) The question 
of whether or not the volume of distribution of inu- 
lin, sucrose, or mannitol is a measure of the extra- 
cellular fluid in intact animals cannot be answered 
by the present investigation. 


2. An analysis of the basic assumptions 


The first, implicit, assumption is that the body 
fluid compartment which is being measured does 
not change with time, during the period of meas- 
urement. How long the body fluid compartment 
must remain constant depends upon the indicator. 
A short time interval could be used if the concen- 
tration of the indicator could be very accurately 
determined. If a short time interval were used 
with inulin, for example, the error of the chemical 
determination of the substance would unduly in- 
fluence the result. So, with inulin a long time in- 
terval is desirable and the body fluid compart- 
ment would have to remain constant during the 
period of observation. Perhaps a radio-active 
indicator, which avoids dealing with plasma and 
urine “blanks” and which can be accurately meas- 
ured, may allow the use of relatively short in- 
tervals of time. 

If one were able to use Equation (5), no other 
assumptions would be necessary. However, 
Equation (5) cannot be used directly, and cer- 
tain simplifying assumptions must be made in or- 
der to obtain a useful Equation (8). The second 
assumption is that, for a two volume system such 
as the extracellular fluid, the difference between 
the interstitial and plasma indicator concentrations 
remains constant, or very nearly constant, dur- 
ing the period of measurement, so that the term, 
Vs & (Cy—C,), of Equation (5) can be elimi- 
nated. This condition of constant difference, dur- 
ing short intervals of time, is approached some 
time after point P shown in Figure 2 (using in- 
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ulin as an example). The third assumption is 
that, during the period of measurement, the plasma 
concentration of the indicator and the urinary ex- 
cretion of the indicator versus time curves ap- 
proach a straight line. The three assumptions 
are interrelated and depend a great deal upon the 
indicator, which more than anything else, deter- 
mines the length of the measurement period. All 
three assumptions become more valid as the pe- 
riod of measurement is shortened. 


3. Steady state conditions 


The above assumptions define the steady state 
conditions which should exist, or be approached, 
after a substance is introduced into the body, if 
the constant-change method is to be used for de- 
termining the volume of distribution of that sub- 
stance. It is felt that, following a single intrave- 
nous injection of an indicator, a steady state exists 
when the value of the distribution of the substance, 
calculated on the basis of mai. t-me intervals, re- 
mains relatively constant. 


4. Ideal substance 


In order to use the method of constant-change, 
an ideal substance should possess the following 
properties: 1) It should be distributed in the body 
fluid volume which is to be measured. 2) It 
should diffuse and be excreted in the urine rapidly. 
A rapid change in plasma concentration of the 
indicator is desirable, since a shorter period of 
time would be required to measure significant dif- 
ferences in plasma concentration and urinary ex- 
cretion of the indicator. Many observations could 
be made over a short period of time, so that nu- 
merous confirmatory calculations of the volume of 
distribution of the indicator could be obtained. 
3) During the period of measurement, the extra- 
renal loss of the indicator should be insignificant. 
The total amount of indicator which leaves the 
volume, prior to measurement, is unimportant. 
4) It should not change the body fluid volume 
which is to be measured. 5) It should not be 
toxic. 6) It should be determined accurately. 


SUMMARY 


1. A constant-change, single injection method 
is presented for estimating the apparent volume of 
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distribution of substances in body fluid compart- 
ments of intact animals. For a two compartment 
system, the extracellular space for example, the 
apparent volume of distribution of an indicator 
equals the urinary excretion of the indicator dur- 
ing a certain time interval divided by the change 
in plasma indicator concentration during the same 
time interval. Theoretical and experimental justi- 
fication is presented for selecting and identifying 
the proper time interval: 1) the volume of distri- 
bution of the indicator should not change during 
the period of measurement, 2) the difference in 
interstitial and plasma indicator concentrations 
should remain constant, or very nearly constant, 
3) during the time interval, the plasma concen- 
tration of the indicator and the urinary excretion 
of the indicator versus time curves should ap- 
proach a straight line. The limitations of the 


basic assumptions, used in deriving the above equa- 
tion, are analyzed. The basic assumptions define 
equilibrium conditions which should exist, if the 
constant-change method is to be used. For best 
results the method should be utilized with a sub- 
stance which has the following ideal properties: 
1) It should be distributed in the body fluid vol- 


ume which is to be measured. 2) It should dis- 
tribute and be eliminated from the body rapidly. 
3) During the period of measurement, the extra- 
renal loss of the indicator should be insignificant. 
4) It should not change the body fluid volume 
which is to be measured. 5) It should not be toxic. 
6) It should be determined accurately. 

2. The constant-change method is compared 
with the simple dilution, extrapolation, and con- 
stant-infusion methods and found to have the fol- 
lowing advantages: 1) It is independent of the 
amount of indicator used, and 2) prior to the pe- 
riod of measurement, it is unrelated to the amount 
of indicator lost from the fluid compartment in 
which the indicator is distributed. 3) The indicator 
need not be completely excreted before the distri- 
bution of a substance can be determined following 
a second injection. 4) It offers the possibility of 
estimating small changes in the distribution of the 
indicator. 5) It requires that only the relative 
change in plasma concentration of the indicator be 
measured. 

3. The volume of distribution of inulin av- 
eraged 18.7 per cent of body weight in 6 normal 
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individuals. (Range 16.0 to 20.0 per cent and 
standard deviation + 1.57 per cent.) 

4. The volume of distribution of sucrose, as a 
per cent of the mannitol distribution, averaged 


84.9 (80.2 to 90.2) in four dogs. 
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